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 Core and outcrop exposures of the late Cretaceous John Henry Member (JHM) of 
the Straight Cliffs Formation, located in the Kaiparowits Plateau of southern Utah, offer 
an excellent opportunity to evaluate reservoir quality of paralic deposits. Paralic deposits 
are inherently complex due to multiple active depositional processes which impact the 
reservoir quality on inter- and intra-geobody (depositional element) scales. Facies and 
rock property data from core and outcrop of the JHM provides insight into the impact of 
depositional processes on reservoir quality. 
Five cores from the JHM were described in this study. In these cores, three facies 
associations: FA-1: shoreface, FA-2: channelized deposits, and FA-3: marine influenced 
back-barrier and coastal plain were delineated. Porosity, permeability, and thin section 
analysis from 87 1-inch core plugs are combined with interpretations of inferred facies 
associations and depositional processes. Outcrop data are used to supplement core data 
and confirm subsurface interpretations. 
The results of this study show that middle-upper shoreface and fluvial channel 
deposits represent higher quality reservoir sandstone within the JHM. Middle-upper 
shoreface deposits have the most favorable geometric characteristics with thicknesses up 
to 24.1 m and lateral extents reaching 10s of kilometers. Fluvial channel deposits reach 
lateral extents of 100s of m and can amalgamate to reach thicknesses greater than 45 m. 
Tidal channel deposits have a comparable lateral extent but are generally less than 2 m 
iv 
 
thick, at times amalgamating to exceed 13 m. Rock property analyses show that middle-
upper shoreface and fluvial channel deposits have higher average porosity of ~ 27 % and 
average permeability values of 411.8 and 367.5 mD, respectively. Tidal deposits have 
lower reservoir qualities of an average porosity below 20 % and average permeability of 
70.69 mD. The lower reservoir quality of these deposits is attributed to slackwater 
periods during which mud laminae are deposited and the relatively lower energy regime 
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Depositional processes in marginal marine settings create interfingering deposits 
of variable heterogeneity on inter- and intra-geobody (depositional element) scales. These 
variations are due to changes in flow velocity, flow direction, and amplitude from 
fluctuating sea levels and storm events (Ainsworth, 2005, 2010; Donselaar and Geel, 
2007; Sixsmith et al., 2008; Ainsworth et al., 2011; Klausen and Mørk, 2014). Despite 
the complexities associated with heterogeneity of these deposits, marginal marine strata 
form volumetrically significant hydrocarbon reservoirs (Reynolds, 1999; Ahlbrandt et al., 
2005; Martinius et al., 2005). Recent studies of paralic reservoirs document inter-
geobody variations of sandstone geobody dimensions (e.g., Galloway, 1986; Roehler, 
1988; Donselaar, 1989; Devine, 1991; Cattaneo and Steel, 2003; Yoshida et al., 2004) 
and intra-geobody variations of internal bed structure including mud content and textural 
heterogeneity (e.g., Buatois et al., 1999; Meyer and Krause, 2006; Sun et al., 2007). 
These studies are useful in interpreting geobody distribution and reservoir quality as a 
function of sedimentary and stratigraphic frameworks, but provide minimal insight on 
how depositional processes impact geobody dimensions and reservoir quality. 
Core analyses provide observational data at the bed- and grain-scales, elucidating 
the internal geodoby architecture for delineation of reservoir presence and quality. These 
analyses are limited to small volumes and cannot explain spatial distribution and 





stacking patterns. Geometric characteristics of paralic deposits are often diagnostic 
attributes of geobody architecture and deposititional environment (e.g., master accretion 
surfaces of tidal bars and paleolandward inclination of tidal delta deposits; Chentnik et 
al., 2015; Mulhern and Johnson, 2016b). Without these attributes spatial geobody 
distributon and reservoir connectivity cannot be interpreted from core with confidence. 
Thus, supplementing core analyses with geometric information from outcrop provides 
further insight into the interpretation of geobodies in the subsurface and a better 
understanding of their continuity away from wellbores (Bridge et al., 2000).  
Strata of the John Henry Member (JHM) of the Straight Cliffs Formation are 
described and interpreted from core to characterize marginal marine deposits and capture 
reservoir quality indicators within a depositional framework. To assess geobody size and 
distribution of the subsurface deposits represented by the cores, spatial data are compiled 
from previous studies of the JHM (e.g., Allen and Johnson, 2010, 2011; Gallin, 2010; 
Dooling, 2013; Mulhern et al., 2014; Chentnik et al., 2015; and Mulhern and Johnson, 
2016a, b) and from outcrop observations in the Alvey Wash field area. This study 
investigates the impact of depositional processes on reservoir quality and continuity 
through the collection and evaluation of data on multiple scales (grain, core, and 
outcrop), interpretation of depositional processes within a depositional environment, and 
construction of a predictive framework through core descriptions and rock properties to 








 The Straight Cliffs Formation of the Kaiparowits Plateau is late Turonian to early 
Campanian in age and was deposited along the western margin of the Cretaceous 
Western Interior Seaway in the Sevier/Cordilleran foreland basin (Peterson, 1969a; 
Kauffman and Caldwell, 1993) (Figures 1 and 2). This formation has undergone 
numerous outcrop studies dating as far back as the 1960s (Peterson, 1969a, b). The first 
sequence-stratigraphic studies were conducted during the 1990s by Shanley (1991) and 
Shanley and McCabe (1991, 1992, 1993, 1994, 1995), identifying transgressive and 
regressive cycles and their associated deposits. The Straight Cliffs Formation is 
composed of four members as defined by (Peterson, 1969a, b): Tibbet Canyon Member, 
Smoky Hollow Member, John Henry Member, and Drip Tank Member (Figure 2). The 
Tibbet Canyon Member overlies the offshore Tropic Shale, is cliff-forming, and 
composed primarily of shoreface and shallow marine sandstone. The Smoky Hollow 
Member is a cliff and slope forming unit composed of interbedded sandstone, mudstone, 
carbonaceous shale, and coal deposited within lagoonal, paludal, floodplain, and fluvial 
environments. The John Henry Member, which is the focus of this study, is separated 
from the underlying Smoky Hollow Member by the Calico Bed. The Calico Bed is 
composed of a sheet of amalgamated coarse grained fluvial deposits across the 
Kaiparowits Plateau (Bobb, 1991; Primm, in review). The Drip Tank Member overlies 




for these different members of the Straight Cliffs Formation were the Sevier fold and 
thrust belt, Mogollon Highlands, and Cordilleran Magmatic Arc (Szwarc et al., 2014). 
 The John Henry Member makes up the majority of the Straight Cliffs Formation 
ranging from 200 to 500 m in thickness and is composed of siliciclastic sandstone, 
mudstone, and coal. Within the southwestern and central parts of the Kaiparowits 
Plateau, the John Henry Member contains predominantly coastal plain and fluvial 
deposits, and northeastern parts contain predominantly marginal marine deposits 
(Peterson, 1969b). Peterson (1969b) identified and named seven shoreface deposits along 
Fifty Mile Mountain from “A” to “G” in stratigraphic order. Four major coal zones were 
identified also by Peterson (1969b) and further documented during studies assessing coal 
quantity and quality of the Kaiparowits Plateau (e.g., Vaninetti, 1979; Hettinger, 1995, 
2000; Hettinger et al., 2009; Quick, 2009). These coals zones are the Lower coal zone, 
Christensen coal zone, Rees coal zone, and Alvey coal zone in stratigraphic order. 
Subsurface stratigraphic study of the John Henry Member began with core descriptions 
by Hettinger (1995) and Gallin (2010), although cores have been taken from the JHM as 
early as 1971 for the purpose of coal prospecting. The core work of Gallin (2010) was 
built upon by Dworsky (2015), introducing the first quantitative rock property assessment 









Figure 1. Regional map of the Kaiparowits Plateau. Previous outcrop studies are denoted 
by the black dots. The cores of interest to this study are shown by the yellow dots and the 
outcrop area by the green dot. The inset shows the location of the Kaiparowits Plateau 
(gray polygon) in relation to the Cretaceous Western Interior Seaway (WIS). Regional 
structures are abbreviated as follows: CNTB – Central Nevada Thrust Belt, SFTB – 
Sevier Fold-Thrust Belt, MTB – Maria Thrust Belt. Modified from Szwarc et al. (2014) 





Figure 2. Regional stratigraphic summary and Straight Cliffs Formation with an emphasis on the John Henry Member. Previous 
studies shown include lithostratigraphic interpretations and sequence stratigraphic interpretations. Peterson (1969a) identified seven 
marine sandstone packages, named “A-G,” that pinch out landward into coal zones and coastal plain facies. Shoreline trajectory is 
based on shoreface pinchouts in Left Hand Collet (Dooling, 2013) and Rogers Canyon (Allen and Johnson, 2011). 
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Three John Henry Member cores (EP-21, EP-24, and EP-28) from the KP were 
examined at one inch resolution for grainsize, lithology, bedding structures, and 
bioturbation. Lithofacies were identified and categorized into different facies associations 
based on bedding structures, bioturbation, and lithofacies distribution. These core 





Three measured sections in Alvey Wash were used to support the core correlation 
and to better understand the spatial components of sandstone bodies. The three sections 
measured (206 m, 147 m, and 102.5 m in thickness) are aligned along a north to south 
transect to the north of the cores. The measured sections are approximately 1.6 km apart 
and the southernmost section is 5 km north of core EP-21 (Figure 1). Section thicknesses 
were measured using a Jacob’s staff at a 50 cm resolution. Grain size, sedimentary 
structures, bedding geometries, and trace and body fossils were recorded. The three 
sections were compiled into a composite section and correlated to the cores in the 
subsurface. Aerial photographs, photomosaics, and a digital elevation model aided in 
outcrop to core correlation using surfaces that extend over many kilometers. These 





extrapolate the deposits into the subsurface. 
 
 
Benchtop Core Plug Measurements 
 
 Core EP-24 was sampled for 58, 1-inch diameter by 1-inch length, core plugs 
across the sandstone lithofacies in order to statistically capture rock properties of 
different reservoir intervals within the core. Approximately half of the samples were 
taken with a vertical orientation (perpendicular to bedding) and the other half with a 
horizontal orientation (parallel to bedding). Eighteen core plug measurements from core 
EP-25 in sandstone lithofacies were incorporated into this study (Dworsky, 2015). Core 
plug measurements for porosity and permeability were conducted at room temperature 
(68°F) and atmospheric pressure. Samples were prepared for laboratory measurements by 
first grinding down the top and base in order to get flat surfaces for accurate bulk volume 
measurements. The samples were then dried for a week at 60°C to remove moisture. 




Thin Section Analysis 
 
 Thin sections were made from 19 of the 58 core plugs from core EP-24 for the 
purpose of assessing the grain scale parameters size, sorting, and roundness. The eighteen 
core plugs were selected in an attempt to best represent the different types of marginal 
marine sandstone deposits found throughout the core. The thin sections were prepared by 
epoxy impregnation to give pore space a blue color making it more easily identifiable. 





To determine grain size and roundness, 300 grains from each thin section were evaluated 
using the image analysis software JMicroVision v.1.2.7. Grain size was obtained by using 
a 1D measurement tool. Sorting was calculated using the grain size values and inclusive 
graphic standard deviation method from Folk (1968) which employs the 5th, 16th, 84th, 
and 95th percentile of a cumulative distribution function. Roundness was obtained by 
employing a point-counting method and assigning values (1 = well- rounded, 2 = 
rounded, 3 = subrounded, 4 = subangular, 5 = angular, 6 = very angular) to randomly 
selected grains. 
 Pore space was obtained by using an object extraction method in JMicroVision 
based on a procedure from Roduit (2005). Pore space was extracted by the method of 
segmentation by threshold. This method uses intensity, hue, and saturation to select the 
blue pixels that are indicative of pore space. To select only the pore space blue pixels, 
values of 130 and 180 were selected for the low and high hue values, respectively. 
Intensity and saturation values were varied slightly as needed in order to select only the 
blue on each thin section image. Pore space was calculated based on selected intensity, 





 Core EP-24 was sampled throughout for 24 mudstone and carbonaceous shale 
samples for biostratigraphy and examined for palynomorphs, nanofossils, and 
foraminifera (Pocknall et al., 2016). These data are used to support depositional 
environment interpretations. A full assessment of the biostratigraphic data is in progress 









Within the cores, eleven lithofacies are identified, ranging from coal to mud rip-
up clasts (Table 1). These lithofacies are categorized into three facies associations (FA): 
shoreface (facies association 1), channel fill (facies association 2), and marine influenced 
back-barrier and coastal plain (facies association 3) (Table 2). Each FA is indicative of 
dominant processes controlling deposition of sediment. Figures 3 and 4 provide 
simplified logs of the cores observed in this study. 
 
Facies Association 1 – Shoreface 
Core observations.  Facies association 1.1 is comprised of interbedded mudstone 
and sandstone. The mudstone are approximately 5 cm to 2 m thick, slightly to moderately 
bioturbated, void of organic material, and conformably or erosively overlain by 
sandstone. The sandstone contain shell fragments, occasional organic fragments at their 
bases, rare trace fossils, and are mostly structureless but have occasional planar 
laminations which may constitute hummocks or swales (Figure 5D, E, and F). 
Overlying the interbedded mudstone and sandstone is FA 1.2. This FA is 
comprised of a ~ 10 – 20 m thick sandstone (e.g., EP-21: 694 – 652 ft; 211.5 – 198.7 m, 
EP-24: 982 – 939 ft; 299.3 – 286.2 m, EP-28: 573 – 549 ft; 174.7 – 167.3 m; Figure 6) 





mud rip-up clasts, and rare trace fossils (Ophiomorpha) (Figure 5A, B, and G). These 
deposits are overlain by FA 3.1. Trough cross bedding and planar bedding may constitute 
swales or hummocks, but due to the difficulty of definitively identifying from core, were 
not delineated as a separate lithofacies (Figure 5C). The sandstone at the base of cores 
EP-24 and EP-25 (EP-24: 1185 – 1134 ft; 361.2 – 345.6 m, EP-25: 1420 – 1351 ft; 432.8 
– 411.8 m) is stratigraphically equivalent to a thick, low gamma ray signature located 
below the base of core EP-21 (Figure 6).  
 Interpretation.  Facies association 1 records deposition in a shoreface 
environment. Interbedded sandstone and mudstone deposits of FA 1.1 are representative 
of offshore and lower shoreface settings. Mudstone deposition is a result of settling of 
grains out of suspension and sandstone deposition by storm events as evident by swales 
and hummocks (Plint, 2010). The thick continuous sandstone observed towards the 
bottom of the cores and within the back-barrier dominated interval are representative of 
middle to upper shoreface settings (FA 1.2) (Figure 6). These deposits can have a 
gradational base (e.g., EP-24: ~ 1185 ft; 361.2 m) (Ainsworth, 1994; Chentnik et al., 
2015; Mulhern and Johnson, 2016a) or a sharp base (e.g., EP-25: ~ 1012 ft; 308.5 m) 
(Roehler, 1988; Donselaar, 1989; Olsen et al., 1999; Fitzgerald et al., 2012; Mulhern and 
Johnson, 2016a). The hummocky and swaley bedding and coarsening upward profiles of 
these deposits are indicative of wave dominated shallowing waters with storm activity 
(Duke, 1985; Hettinger, 1995). The presence of Ophiomorpha trace fossils is another 
indicator of a shoreface environment (Kamola, 1984; Ainsworth, 1994). 
Comparable deposits in outcrop aid in interpretation of a shoreface environment 





composite measured section) are thick (~ 20 m), blocky, fine- to medium-grained 
sandstone with shell fragments, pebbles, and hummocky and swaley cross-stratification 
(identified as trough cross bedding and possible hummocky and swaley cross-bedding in 
core) (Figure 7). This sandstone extends for 10s of kilometers along strike (Figures 6 and 
7). Similar to core EP-24 this sandstone is underlain by interbedded mudstone and 
sandstone of FA 1.1. The interbedded sandstone have planar laminae, low angle cross 
beds (hummocks), and trace fossils (Figure 7D, E, and F). 
 
 
Facies Association 2 – Channel Fill 
 
 FA 2.1 core observations.  Sandstone comprising FA 2.1 possess bidirectional 
flow indicators, are generally < 2 m thick, very fine- to medium-grained, tend to fine 
upwards, have abundant coal and organic fragments, occasional pebbles, occasional mud 
rip-up clasts, and sharp or erosive bases (Figure 8A, B, C, and H). Although generally < 2 
m thick, thicknesses can range from individual deposits of < 10 cm to amalgamated 
deposits > 10 m with interbedded mudstone (e.g., EP-07: 538 – 488 ft; 164 – 148.7 m). 
Interbedded mudstone are 1 cm to 0.6 m thick, bioturbated, rich in organics, have 
ubiquitous wavy and lenticular bedding, and occasional rhythmic bedding (Figure 8A and 
G). Sedimentary structures of the sandstone consist of: trough cross bedding, ripples as 
evident by flaser bedding, and silt and organic drapes on bedding planes (Figure 8A, B, 
and H). These deposits are more commonly ripple-bedded than trough-cross-bedded. 
Their sharp or erosive contact with the underlying back-barrier or lagoonal deposits can 
contain mud rip-up clasts or shell fragments. Bioturbation is present, most commonly as 





as vertical pellet lined burrows (Ophiomorpha) and coalified burrowed wood fragments 
(Teredolites) within the sandstone (Figure  8D, E, F, and G). Vertically stacked 
horizontal burrows with spreiten (Teichichnus) are also observed in the interbedded 
mudstone. 
FA 2.1 interpretation.  The sandstone deposits of FA 2.1 are representative of 
channels dominated by tidal currents and their associated channel fill in a back-barrier, 
restricted marine setting. Tidal channel is a frequently used and overarching term which, 
in this study, will be referring to larger distributary units, likely with shoal bodies, and 
smaller tidal creeks (Hughes, 2012). The smaller, single sandstone deposits are likely 
tidal creeks. These creeks may have formed as a result of blockage of distributary 
channels by excessive sedimentation, leaving only a narrow channel (Hood, 2006) or by 
tidal energy cutting into the substrate (Hughes, 2012). The thicker units (e.g., EP-07: 538 
– 488 ft; 164 – 148.7 m) are interpreted to be amalgamated channels (Chentnik et al., 
2015). The amalgamated deposits of sandstone with interbedded mudstone are tidal 
bundles (e.g., EP-28: 468.3 – 458.7 ft; 142.7 – 139.8 m) (Figure 8A) interpreted as 
deposited on a tidally influenced point bar (Shanley et al., 1992; Hettinger, 1995; Gallin, 
2010; Gooley, 2010; Pettinga, 2013; Chentnik et al., 2015). Deposition of the interbedded 
mudstone and sandstone is indicative of alternating energy regimes which can be 
explained by diurnal tidal cycles or by the changes to and from neap and spring tides 
(Kvale, 2006). Tidal influence is evident in all of these deposits by the abundant flaser 
bedding, rhythmic mud drapes and couplets, closely spaced reactivation surfaces, tidal 
bundles represented by the thin sandstone beds and interbedded mudstone, likely tidal 





1968; Nio and Yang, 1991; Shanley et al., 1992; Kvale, 2006; Longhitano et al., 2012) 
(Figure 8A, B, G, and H). The trace fossils Planolites, Teichichnus, Ophiomorpha, and 
Teredolites (Figure 8D, E, F, and G) support a restricted marine, back-barrier, lagoon 
environment (Bromley et al., 1984; Kamola, 1984; Shanley et al., 1992; Gingras et al. , 
2004) where tides can be expected. 
In Alvey Wash, <= 1 m thick sandstone bodies are found within the slope forming 
intervals of FA 3.1 (Figure 9). These sandstone bodies exhibit characteristics similar to 
the small tidal channels (tidal creeks) in core and serve as further evidence for the 
interpretation of channelized tidal deposits (Figure 9). In outcrop these deposits are 
sparse and typically very fine-grained sandstone. They have a lenticular geometry, pinch 
out over approximately 10 m, are cross-bedded, possess ripple marks, flaser bedding, 
wavy bedding, and silt and organic drapes (Figure 9E and F). Flaser bedding and silt and 
organic drapes support tidal influence (Reineck and Wunderlich, 1968; Longhitano et al., 
2012) and lenticular geometry supports a channel fill. The thicker sandstone units, as 
seen in Figure 10, are interpreted to be amalgamated channels (Chentnik et al., 2015). 
 FA 2.2 core observations.  Facies association 2.2 deposits are formed by 
sandstone bodies < 1 to 6.7 m thick (where discernible) and amalgamated to reach 
thicknesses > 45 m (e.g., EP-24: 699 – 551 ft; 213.1 – 167.9 m, EP-25: 847 – 680 ft; 
258.2 – 207.3 m, EP-07: 449 – 184 ft; 136.9 – 56.1 m, EP-21: 392 – 365 ft; 119.5 – 111.3 
m). The sandstone have fining upward profiles, sharp or erosive bases, and consist of 
trough cross-bedded, ripple-bedded, and structureless sandstone and mud clast 
conglomerate (Figure 11A, B, C, and D). Trace fossils in the form of Teredolites and 





amalgamated sandstone are occasional interbedded mudstone and double mud drapes 
(Figure 11C). Interbedded mudstone are generally 20 cm or less. Amalgamated deposits 
are separated by mudstone dominated intervals composed of FA 3.1 that reach up to 15.5 
m. 
FA 2.2 interpretation.  Facies association 2.2 is interpreted as fluvial channels 
with minimal tidal influence as proven by the rarity of bidirectional flow indicators, rarity 
of marine indicators, and abundant traction structures in the forms of trough cross-
bedding and mud-clast lags (Figure 11A, B, and D) (Shanley et al., 1992; Shanmugam et 
al., 2000; Gallin, 2010; Gooley, 2010). Throughout the FA 2.2 deposits in cores EP-24, 
EP-25, and EP-07 mud drapes are rare but present and often in the form of rhythmic 
bedding (Figure 11C). Although this is not diagnostic of tidal influence, when coupled 
with the presence of Teredolites within the sandstone (Figure 11B and C) and abundant 
bioturbation within the FA 3.1 dominated intervals a marine (tidal) influence is perceived 
as much more likely (Bromley et al., 1984; Kamola, 1984; Hettinger, 1995; Shanmugam 
et al., 2000; Gingras et al. , 2004). 
 
 
Facies Association 3 – Marine influenced 
 
Back-Barrier and Coastal Plain 
 
 FA 3.1 core observations.  The cores described in this study are dominated by 
intervals composed of coal, carbonaceous shale, and mudstone lithofacies. Coal deposits 
range in size from < 1 cm up to 6.6 m, have sulfur precipitates, resin blebs, and grade into 
and out of carbonaceous shale (Figure 12A and D). Mudstone are commonly 





Interlaminations can be cyclic or rhythmic (Figure 12C and G). All three lithofacies 
contain trace fossils such as Thalassinoides, Planolites, and Teichichnus (Figure 12B, C 
and E). Bioturbation at times is extensive and disrupts bedding (Figure 12B and E). 
Rhizoliths, plant fragments, wood fragments, Inoceramid, Corbulids, and Voysa are 
present in carbonaceous shale and mudstone (Figure 12F, H, I, and J). 
FA 3.1 interpretation.  Facies association 3.1 is interpreted to represent fine-
grained facies deposited in restricted marine and marine influenced coastal plain settings. 
The presence of wood and plant fragments, bioturbation, extensive coal development, and 
mudstone facies support the interpretation of a back-barrier setting (e.g., lagoon) with 
low-energy levels flanked by peat swamps (Roehler, 1988; McCabe and Shanley, 1992). 
Wavy and lenticular bedding (Figure 12C) and rhythmic deposits (possible tidal 
rhythmites, Figure 12G) are strong indicators of tidal influence (Reineck and Wunderlich, 
1968; Kvale, 2006; Dalrymple, 2010; Flemming, 2012) along with trace fossils found in 
tidal environments such as Teichichnus, Thalassinoides, Ophiomorpha, and Planolites 
(Figure 12C and E) (Bromley et al., 1984; Kamola, 1984; Shanley et al., 1992). 
Invertebrate body fossils such as Inoceramids, Corbulids, and Voysa are evidence of a 
brackish water conditions (Figure 12F and H) (Aberhan, 1994). Biostratigraphy data 
support a back-barrier lagoon interpretation and are discussed in more detail below.  
Deposits similar to the coal, carbonaceous shale, and mudstone dominated 
intervals in core are also observed in Alvey Wash. Slope forming deposits (Figure 13) in 
Alvey Wash are also formed primarily by coal, carbonaceous shale, and mudstone. 
Within these sloped sections are sporadic sandstone < 1 to 10s of meters thick (Figure 





bioturbated and wavy and lenticular-bedded mudstone, thinly-bedded, very fine-grained 
sandstone deposits with silt and organic drapes, and abundant organic fragments found in 
all of these lithofacies (Figure 13). As seen in the EP cores, there is a gradational contact 
between the coal, carbonaceous shale, and mudstone. 
These slope forming lithofacies also support a back-barrier marine interpretation, 
as they show restricted marine characteristics. These deposits are consistent with the 
back-barrier lagoon interpretation of FA 3.1 in the EP cores. In outcrop there are 
abundant trace fossils in mudstone and coal, abundant organic fragments in mudstone, 
and rhythmic wavy and lenticular bedding suggesting a tidal influence (Figure 13B, C, D, 
and E) (Reineck and Wunderlich, 1968; Kamola, 1984; Devine, 1991; Kvale, 2006; 
Dalrymple, 2010; Flemming, 2012). 
 FA 3.2 core observations.  Sandstone that make up FA 3.2 are very fine- to 
medium-grained, generally < 1 to 2 m thick, can reach up to 4.8 m thick, have sharp or 
gradational bases out of mudstone or carbonaceous shale, abundant coal fragments, rare 
shell fragments, rare rhizoliths, and generally have higher mud content than their FA 2 
counterparts (Figure 14). Wavy and flaser bedding with silt and organic drapes are 
common and planar, trough cross, and convolute bedding are also observed although not 
as frequently. Higher mud content can be attributed to increased rhythmic bedding within 
the sandstone, higher content of mud drapes in the forms of flaser and wavy bedding, and 
to organisms introducing mud into the sandstone when burrowing, although identification 
of distinguishable trace fossils is difficult (this burrowing is likely responsible for 
convolute bedding).  





of FA 3.1 houses sandstone bodies that lack definitive channel properties and are more 
ambiguous in regards to their depositional setting. FA 3.2 represents deposits that are 
likely nonchannelized back-barrier bodies with more intimate relationships to the back-
barrier fill of FA 3.1 as is evident by the higher mud content and the lower content of 
higher energy flow indicators (i.e., trough cross beds and mud rip-up clasts). A possible 
depositional setting for some of the sandstone bodies of FA 3.2 is a tidal flat. This 
interpretation is supported by the slightly muddy sand with ripples, wavy bedding, thin 
mud layers, and rhythmic bedding created by diurnal tides (Buatois et al., 1999; 
Donselaar and Geel, 2007; Flemming, 2012). Another potential mechanism for 
deposition of some of the FA 3.2 sandstone bodies are through washover during storm 
events. Deposits with a sharp base, low mud content, planar and wavy bedding, and 
thicknesses < 1 m are excellent candidates for washover fans (e.g., EP-24: ~ 1006 ft; 
306.6 m) (Figure 14) (Allen and Johnson, 2011; Chentnik et al., 2015). When trenching 
the sloped intervals in Alvey Wash, very fine-grained deposits with silt and organic 
drapes were found interbedded with the deposits of FA 3.1 (Figure 13E). These sandstone 
are < 1 m in thickness. Width was not determined. Less common deposits with a 
thickness > 1 m are shown in Figure 10. 
 
 
Core to Outcrop Correlation 
 
Outcrop in Alvey Wash exhibits similar lithofacies, facies associations, and facies 
association stacking patterns to those observed in the EP cores. These similarities are 
expressed within the muddy intervals in core and slope forming intervals in outcrop (both 





(cliff-forming in outcrop) sandstone (in excess of 5 m thick) are observed in the muddy 
and slope forming intervals (Figure 10). Figure 6 shows the presence of thick sandstone 
in both outcrop and the subsurface. Starting near the base of this figure is the A/B 
shoreface, a regressive deposit (FA 1) (Allen and Johnson, 2011), the top of which serves 
as the datum. The dominant interval above the A/B shoreface is composed of back-barrier 
tidally influenced deposits indicating a transgressive interval (Swift, 1968; Allen and 
Johnson, 2011), topped by marine influenced coastal plain deposits (FA 2 and FA 3). 
The agreement between core and outcrop goes beyond large scale features (thick 
sandstone) to more intricate details such as bedding structures within geobodies of all 
scales. For example, mm-scale wavy and lenticular bedding are observed in mudstone in 
core and outcrop. The same is seen for ripples in thin < 1 m tidal channel sandstone and 
trough-cross beds in 15 m middle-upper shoreface sandstone. This agreement on multiple 
scales confirms similar depositional trends and environments between Alvey Wash and 
the EP cores. 
The prominent shoreface cliff seen in outcrop at the base of Alvey Wash (Figures 
6 and 7A) not only shows similar lithological characteristics to deposits seen at the base 
of cores EP-24 and EP-25, but is stratigraphically equivalent based on subsurface 
projections. The spatial components obtained from outcrop made this projection possible, 
as the shoreface extends for 10s of kilometers along strike. Further evidence for the 
correlation are swales and hummocks observed in outcrop and likely observed in core, 
which are unique to shoreface deposits in this study (Duke, 1985; Hettinger, 1995). This 
correlation serves as the datum for the cores and Alvey Wash composite measured 





Figure 6 illustrates the correlation between the cores and outcrop in Alvey Wash. 
Starting near the base of this figure is the A/B shoreface, a regressive deposit (Allen and 
Johnson, 2011), serving as the datum. The dominant interval above the A/B shoreface is 
composed of tidally influenced deposits from a back barrier environment, indicating a 
transgressive interval (Swift, 1968; Allen and Johnson, 2011), topped by marine 





 Evaluation of the 24 mudstone and carbonaceous shale samples from EP-24 
shows a presence of spores, pollen, foraminifera and dinoflagellates (Pocknall, personal 
communication; Pocknall et al., 2016). Spores and pollen, such as Gleicheniidites, 
Taxodiaceae, and Stereisporites, are found throughout the core. The abundant presence of 
spores and pollen confirms terrestrial input from a paralic to coastal plain environment 
(Nichols, 1995), which is also supported by the common organic fragments (wood, 
leaves, carbonaceous flakes) and coal fragments found throughout each of the cores. The 
assemblage of foraminifera is characteristic of a back-barrier lagoon (Tibert et al., 2003). 
Dinoflagellates are found in 11 of the 24 samples. The 11 samples are spread 
throughout the core (Figure 15). The dinoflagellates identified are not diverse and as such 
these assemblages do not indicate open marine conditions (D. Pocknall, personal 
communication), but rather a restricted marine setting. The not diverse assemblages from 
core EP-24 are encouraging as they promote a restricted marine or tidally influenced 









The rock property data obtained from core plug and thin section analyses show a 
large range in the distribution in porosity and permeability values, with little to moderate 
variations in grain size distributions (sorting) and roundness. Sample depths for core 
plugs and thin sections can be seen in Figure 15. Figure 16, Table 3, and Figure 17 show 
porosity and permeability measurements from core plugs organized by lithofacies, facies 
associations, and sample orientation. Grain size and rounding data are represented by the 
histograms, cumulative distribution function chart, bar graph, and photomicrographs of 
Figures 18 through 21. 
 
 
Porosity and Permeability 
 
Sampled lithofacies in cores EP-24 and EP-25 consist of: flaser, wavy, and 
lenticular-bedded sandstone, structureless sandstone, planar-bedded sandstone, ripple-
bedded sandstone, and trough cross-bedded sandstone. Porosity values in these lithofacies 
(and consequently the sampled FAs) range from 2.3 to 37.2 % with most (64.5 %) of the 
samples having porosity values greater than 20 % (Figure 16 A and B). Flaser, wavy, and 
lenticular-bedded sandstone and ripple-bedded sandstone have average values below     
20 %. Lithofacies with the highest porosity values are structureless, planar-bedded, and 
trough cross-bedded sandstone with averages between 24.1 and 25.6 %. Vertical 
permeability values in the sampled lithofacies range from 0.012 to 1143 mD. The average 
value for ripple-bedded sandstone is significantly lower than the other lithofacies at 5.404 
mD. Planar-bedded sandstone shows the highest permeability average of vertical samples 





bedded sandstone at 303.5 mD. Flaser, wavy, and lenticular-bedded sandstone and 
structureless sandstone have averages in the middle of the range of values, at 72.37 and 
210.4 mD, respectively. Horizontal permeability values in the sampled lithofacies range 
from 0.011 to 948 mD. Ripple-bedded sandstone and flaser, wavy, and lenticular-bedded 
sandstone have the lowest average values at 3.679 and 77.73 mD, respectively. 
Structureless and trough cross-bedded sandstone have the highest average values with 
361.9 and 313.7 mD, respectively. 
Average porosity values for FAs 1.2 and 2.2 are around 27 % and are the highest 
of all of the FAs. Sandstone within the other three FAs, 1.1, 2.1, and 3.2, have average 
porosity values at or below 21.0 %. The differentiation between the samples of FAs 1.2 
and 2.2 and those of FAs 1.1, 2.1, and 3.2 is illustrated by Figures 16C and D. Vertical 
permeability and horizontal permeability values exhibit a similar trend to porosity. 
Vertical permeability averages for the different FAs range from 29.49 to 353.3 mD, with 
FA 3.2 as the lowest and FA 2.2 as the highest. The average vertical permeability value 
for FA 1.2 is very similar to that of FA 2.2 at 349.8 mD. FAs 1.1 and 2.1 have average 
values of 39.55 and 111.6 mD, respectively. Horizontal permeability averages for the 
different FAs range from 59.81 to 411.8 mD, with FA 1.1 as the lowest and FA 1.2 as the 
highest. FAs 2.1 and 3.2 have low similar values to FA 1.1 at 70.69 and 77.70 mD, 
respectively. FA 2.2 has a relatively high average value of 367.5 mD. 
Figures 16E and F show permeability values for samples that were taken in both a 
vertical and horizontal orientation, plot by lithofacies and facies association, respectively. 
Figure 16F displays the progressive increase in permeability values in both orientations 





energy FAs (those dominated by wave action; FA 1.2, and unidirectional flow; FA 2.2). 
The majority of data points plot along or below the black lines which represent a constant 
ratio of Kv to Kh. This indicates that the deposits are horizontally anisotropic (Kv/Kh < 
1; on average for all FAs Kv/Kh = 0.573). This horizontal dominance can be attributed to 
fine-grain drapes which inhibit vertical flow, granted that the presence of these drapes is 
not profound in 1-inch core plugs. The fine-grain drapes in these deposits are typically 
associated with bidirectional flow in tidal deposits (i.e., FAs 2.1 and 3.2) (Reineck and 
Wunderlich, 1968; Nio and Yang, 1991; Kvale, 2006), including tidally influenced 
fluvial deposits (Shanley et al., 1992; Robert D Hettinger, 1995). 
A core plug study of the permeability and anisotropy of the Virgelle Member 
(Meyer and Krause, 2006), deposited in a shoreface and tidal estuarine system, shows 
similar results to that of the JHM. The majority of samples have Kv/Kh values below 1 
and only slightly so. The lack of anisotropy in these samples is contributed by the authors 
to the absence of laminae due to the small physical representation of the deposits that is a 
core plug. Within the Virgelle Member at the core plug scale deposits that can exhibit 
high anisotropy are those with intense bioturbation, a high degree of cementation, and a 
high content of mud fragments. It should be noted that the permeability data from the 
Virgelle Member study was collected under a confining pressure of 400 psi and the 
permeability data from this study was collected under a confining pressure of 500 psi.  
Comparing FA porosity and permeability results to lithofacies porosity and 
permeability results reveals the following trends: planar-bedded, trough cross-bedded, 
and structureless sandstone have values similar to FAs 1.2 and 2.2 and flaser, wavy, and 





3.2. Naturally, FAs 1.2 and 2.2 are composed primarily of planar-bedded, trough cross-
bedded, and structureless sandstone and FAs 2.1 and 3.2 are composed primarily of 
flaser, wavy and lenticular-bedded and ripple-bedded sandstone. Sandstone deposits of 
FA 1.1 are composed primarily of structureless sandstone, yet they have values more 
similar to the sandstone deposits of FAs 2.1 and 3.2. 
 
 
Porosity: 2D Comparison From Thin Section 
 
to 3D Core Measurements 
 
A relationship between the 2-dimensional (2D) porosity values obtained from thin 
sections and the 3-dimensional (3D) porosity values obtained from core plugs reveals that 
3D porosity values obtained from core plugs are consistently higher than 2D values 
obtained from thin sections (Figure 17). The 3D measurements are able to capture the 
complex connectivity of void spaces between grains whereas a 2D image only represents 
a portion of void spaces. The difference between 2D and 3D porosity values decreases as 
permeability values increase (Figure 17). This implies that samples with a higher percent 
of connected pore space will have a more accurate 2D measurement. FA 2.2 
photomicrographs show a greater amount of porosity, represented by the blue void space 
between grains, than FA 1.2 even though the core plug porosity values for these samples 
are very similar (Figures 17 and 18). 
 
Grain Size and Roundness From Thin Sections 
Porosity and permeability are strongly correlated with average grain size and the 





other authors (e.g., Meyer and Krause, 2006; Sun et al., 2007). FAs 1.2 and 2.2 have the 
highest average grain sizes of 0.154 mm and 0.169 mm, respectively, whereas FAs 1.1, 
2.1, and 3.2 all have smaller, yet similar, average grain sizes of 0.126 mm, 0.128 mm, 
and 0.128 mm, respectively (Figures 18 and 19). Similar to grainsize, there are only 
minor variations in rounding between FAs. The subrounded category is the most 
prevalent for all FAs, except FA 3.2 which has a highest percentage of subangular grains 
(Figure 20). FAs 2.1 and 3.2 have the lowest amount of rounded grains and the highest 
amount of subangular grains. The subrounded dominance in these different FAs can be 
seen in the photomicrographs (Figure 18). 
 Sandstone of FA 1 have unimodal and slightly asymmetric (skewed right) grain 
size distributions. They are moderately well-sorted and as such have the highest degree of 
sorting of the different FAs. This is indicated by the steepest cumulative distribution 
curves (Figure 21) and more consistent visual spread of grain size (Figure 18). Sandstone 
of FA 2 are moderately sorted. Similar to the relationship between FA 1.1 and FA 1.2, the 
grain size distributions of FA 2.1 and FA 2.2 are unimodal, asymmetric, and their curves 
have similar profiles in Figure 21. Histograms for these channel fill deposits have a 
higher degree of skew to the right, particularly FA 2.1 (Figure 19). The curve profiles in 
Figure 21 are not as steep and imply a lesser degree of sorting, which can be seen in 
Figure 18. Sandstone of FA 3.2 are poorly sorted. FA 3.2 has a bimodal distribution with 
two local maxima of approximately 0.05 mm and 0.20 mm (Figure 19). This FA is 
dominated by grains of the smaller mode, supported by a median grain size of 0.090 mm 






curve there is a break in slope. As such, FA 3.2 has the lowest degree of sorting of all of 




Table 1. Core lithofacies descriptions 
Lithofacies Description 
LF1 Coal 
Black to dark gray with variations from dull to shiny luster; surface and interstitial sulfur precipitates; resin 
blebs; at times vertical and horizontal burrows lined with sand, typically at the top of a coal bed directly 
underlying a sandstone; typically at the top of a gradational sequence from mudstone to carbonaceous shale 
to coal; overlain by a gradational contact back to carbonaceous shale or by a sharp or erosive contact with 
sandstone. 
LF2 Carbonaceous Shale 
Gray to black deposits occasionally with horizontal laminations or wavy and lenticular interbedded silt; rich 
with coal fragments and organic fragments; rare rhizoliths; gradationally precedes or succeeds coal. 
LF3 Mudstone 
Gray to light gray mud composed of clay and silt with rare horizontal laminations; occasional coal 
fragments and organic fragments; bioturbation is nonexistent to pervasive. 
LF4 
Flaser, wavy, and 
lenticular interlaminated 
mudstone and sandstone 
Gray and tan deposits of differing grain size and sedimentary structures; wavy and lenticular bedding occur 
simultaneously on the order of a mm scale within mudstone facies and are often accompanied by trace 
fossils; flaser bedding occurs within sandstone facies. 
LF5 Bioturbated Mudstone 
Mudstone possessing or lacking bedding (commonly bedding of LF4) that has been extensively 
bioturbated. 
LF6 Structureless Sandstone 
Sedimentary structures are either nonexistent or not discernible; deposits sometimes contain shell 
fragments; grain size ranges from very fine to medium sand. 
LF7 Convoluted Sandstone 
Original bedding is distorted often due to soft sediment deformation or bioturbation; grain size ranges from 




Bedding planes dip at < 5° (Gallin, 2010); grain size ranges from very fine to medium sand. 
LF9 Ripple-bedded Sandstone Ripples lined with silt or organic or coal fragments; grain size ranges from very-fine to medium sand. 
LF10 
Trough Cross and 
Inclined Planar-bedded 
Sandstone 
Foresets of trough and planar bed sets dip between ~ 5-40° (Gallin, 2010); grain size ranges from very fine 
to coarse sand. 
LF11 
Mud Rip-Up Clast 
Conglomerate 
Clasts are angular to subangular and < 1 to 50 mm in size (average clasts are < 5 mm); matrix grain size 


















Table 2. Core facies associations descriptions 
Lithofacies Description Biologic Content Environment 
Facies Association 1: Shoreface 
FA 1.1 
LF3, LF6, LF10, LF8 
Interbedded mudstone and sandstone with mudstone intervals 5 
cm to ~2 m thick and sandstone intervals 5 cm to ~4 m thick. 
Sandstone are very fine- to fine-grained, primarily 
structureless, and occasionally trough cross-bedded and planar-
bedded, possibly constituting hummocks and swales. Sandstone 
contain shell fragments, rare trace fossils, rare coal fragments, 
and rare mud rip-up clasts. Mudstones are commonly 
bioturbated, have less common wavy/lenticular bedding, and 
rare shell fragments. 
Sandstone: shells 




fragments, trace fossils, 
BI=0-3 
Offshore and lower 
shoreface 
FA 1.2 
LF6, LF10, LF8, 
LF11 
Very fine- to medium-grained sandstone containing: shell 
fragments, rare pellet lined burrows, pebbles, mud rip-up clasts, 
occasional coal and organic fragments, and sparse silt and 
organic drapes. Sandstone are primarily structureless and also 
are trough cross-bedded and planar-bedded, possibly 
constituting hummocks and swales. At times planar bedding is 
inclined and packages alternate inclinations. Sandstone deposits 
range in thickness from 7.3 to 24.1 m with rare interbedded 
mudstones. Some deposits have sharp bases containing shell 
fragments and mud rip-up clasts and some others directly 
overly coal. 
Sandstone: shell 




trace fossils, BI=0-1 
Middle and upper 
shoreface 
Facies Association 2: Channel Fill 
FA 2.1 
 
Very fine- to medium-grained sandstone that tend to fine 
upwards and have sharp or erosive bases. Deposits range from 
< 0.5 to 13.7 m thick, but are typically < 2 m. Coal fragments, 
ripples, trough cross beds, and wavy and lenticular interbedded 
silt are ubiquitous. Pebbles and mud rip-up clasts are 
occasional. Bedding planes are often draped by organics and 
silt, which may contain trace fossils. Interbedded mudstone are 
1 cm to 0.6 m thick, have abundant organics, and extreme 
bioturbation in the form of extensive burrowing. 
Shell fragments, trace 
fossils, BI=0-3  
 

















Table 2. continued 
Lithofacies Description Biologic Content Environment 
FA 2.2 Very fine- to very coarse-grained sandstone containing: 
frequent trough cross beds, mud rip-up clasts, organic 
fragments, organic drapes, silt drapes, pebbles, interbedded 
mudstone, and interbedded coal. Amalgamated sandstone units 
can be > 45 m thick and often have sharp or erosive bases with 
abundant mud-rip up clasts, pebbles, and coal fragments. Units 
often fine upwards and range in thickness from < 1 m to > 6.7 
m (where discernible). FWL interbedded sandstone and 
mudstone can show extensive bioturbation. 
Sandstone: shell 








Facies Association 3: Marine Influenced Back-Barrier and Coastal Plain 
FA 3.1 
LF1, LF2, LF3, LF4, 
LF5 
Coal, carbonaceous shale, and mudstone combine to form 15-
30 m thick intervals, within which coals reach up to 6.4 m 
thick. Coal often grades into and out of carbonaceous shale and 
carbonaceous shale often grades into and out of mudstone. 
Bioturbation is prevalent throughout these intervals and found 
in all three lithofacies, primarily in mudstone. Shells and shell 
fragments, rhizoliths, and wood fragments are also present. 
Mudstone deposits exhibit wavy and lenticular bedding. 
Shells and shell fragments, 
rhizoliths, wood 
fragments, trace fossils, 
BI=0-6 
Back barrier lagoon 
and marine influenced 
coastal plain 
FA 3.2 
LF3, LF4, LF6, LF7, 
LF8, LF9, LF10 
Sandstone deposits that range in grain size from very fine to 
medium (majority are very fine- to fine-grained), are generally 
< 1 to 2 m thick (can reach up to 4.8 m thick), and bases that 
are sharp or gradational out of mudstone or carbonaceous shale. 
The deposits can coarsen upward, fine upward, or have a 
uniform grain size. They exhibit a wide variety of sedimentary 
structures and characteristics: planar bedding, wavy bedding, 
flaser bedding, ripples, trough cross beds, convolute bedding, 
rhythmic interbedded mudstone, silt drapes, organic drapes, 
coal fragments, organic fragments, shell fragments, trace 
fossils, and rhizoliths.  
Sandstone: shell 
fragments, rhizoliths, trace 
fossils, BI=0-4 
 

















Figure 3. Simplified logs of cores EP-21, EP-24, and EP-28. Missing core was removed 






Figure 4. Simplified logs of cores EP-25 and EP-07. Modified from Gallin (2010). 


























Figure 5. Examples of FA 1 in core. A) Core box of fine-grained structureless sandstone 
with possible SCS/HCS (EP-25: 1402 – 1392 ft; 427.3 – 424.3 m). B) Structureless 
sandstone with sparse pebbles and possible planar laminations (EP-24: 1190 – 1189 ft; 
362.7 – 362.4 m). C) Possible swaley and hummocky cross stratification, scale bar is 5 
cm (EP-25: 1367 ft; 416.7 m) (modified from Gallin (2010)). D) Interbedded sandstone 
and mudstone (EP-24: 1209 – 1199 ft; 368.5 – 365.5 m). E) Possible SCS/HCS in 
interbedded sandstone, slabbed core pictured is 10 cm tall (EP-24: 1239.5 ft; 377.8 m). F) 
Lined burrow in interbedded sandstone (EP-24: 1229 ft; 374.6 m). G) Bivalve fragment 










Figure 6. Stratigraphic correlation of the EP cores and the Alvey Wash field area. Locations for the cores and Alvey Wash are shown 
in Figure 1. The lower John Henry Member contains the A/B shoreface, which serves as the datum for this correlation. The majority 
of the John Henry Member is composed of restricted back barrier deposits with a transition to marine influenced coastal plain at the 
top of the four southernmost cores. Gamma ray curve, where available, is shown next to described core. 
Tidal Inlet/ 
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Figure 7. Representative photos of FA 1 as seen in outcrop in Alvey Wash. A) Cliff-
forming sandstone of approximately 25 m thick. B) Close up of cliff-forming sandstone 
of FA 1.2 showing blocky nature. C) Pebbles and shell fragments lining troughs in 25 m 
sandstone cliff. D) Lined burrow in thin interbedded sandstone of FA 1.1. E) Interbedded 
mudstone and sandstone capped by prominent sandstone cliff of FA 1.2. F) Outcrop of 


























Figure 8. Examples of FA 2.1 in core. A) Rippled sandstone deposits with interbedded 
mudstone (EP-28: 468.3 – 458.7 ft; 142.7 – 139.8 m). B) Slabbed core showing flaser and 
rhythmic wavy bedding (EP-24: ~ 1075.5 ft; 327.8 m). Core in photo is 30 cm tall. C) 
Erosive contact between sandstone with abundant coal and shell fragments and 
underlying mudstone (EP-24: ~ 1052.5 ft; 320.8 m). Core in photo is 15 cm tall. D) 
Teredolites in coalified wood fragments (EP-28: 445.75 ft; 135.9 m). E) Lined vertical 
burrow (3 mm in diameter) in very fine grained sandstone (EP-28: 348.5 ft; 106.2 m). F) 
Sandstone with Ophiomorpha burrows and wavy bedding (EP-21: 837 ft; 255.1 m). Core 
in photo is 15 cm tall. G) Mudstone interbedded within sandstone of FA 2.1. Mudstone 
has wavy and lenticular bedding and horizontal Planolites burrows (1 mm in diameter). 
Core in photo is 5 cm tall. H) Rhythmic flaser and wavy-bedded sandstone with 












Figure 9. Similarities of FA 2.1 as seen in core and outcrop. A) Very fine-grained 
sandstone eroding into carbonaceous shale (EP-24: 1080.8 -   ft; 329.4 – 326.8 m). B) 
Slabbed core showing flaser bedding. Scale bar is 10 cm. C) Measured section of a tidal 
channel from core EP-24. D) Outcrop of a 1 m thick channel body that pinches out 
laterally over 10 m. E) Cross-bedded sandstone in the channel. F) Ripple-bedded 










Figure 10. Photomosaics of outcrop in Alvey Wash. A) Strike oriented photomosaic showing lateral continuity of shoreface (yellow 
outline), tidal inlet (blue outline), and barrier island (white outline) outcrop. Calico Bed is outlined in orange. Field of view spans 
approximately 1600 m. B) Dip oriented photomosaic showing tidal channels (outlined in purple) in addition to more tidal inlet and 
barrier island outcrop. This photomosaic was taken approximately 550 m southwest of the southern end of photomosaic A. The field 
of view spans approximately 700 m. Slope forming intervals between the prominent outcrop are composed of back-barrier fines. See 











































Figure 11. Examples of FA 2.2 in core. A) Structureless sandstone, trough cross-bedded 
sandstone, and mud clast conglomerate (EP-24: 598.7 – 589.4 ft; 182.5 – 179.6 m). B) 
Trough cross-bedded sandstone and double mud drapes (EP-24: 578 – 577 ft; 145.7 – 
145.4 m). Dashed lines show trough cross beds. C) Wavy bedding and ripples (EP-24: ~ 
625 ft; 190.5 m). D) Large mud rip-up clasts between 555 – 551 ft in core EP-24 (169.2 – 
167.9 m). Clasts are 2 – 3 cm thick. E) Possible Teredolites burrows in coalified wood 
































Figure 12. Examples of FA 3.1 in core. A) Gradational contacts into and out of coal (EP-
24: 1109.8-1100 ft; 338.3 – 335.3 m). B) Extensively bioturbated mudstone (EP-21: 
422.5 – 414.5 ft; 128.8 – 126.3 m). C) Millimeter scale lenticular bedding and Planolites 
in mudstone (EP-21: 733.75 – 733.5 ft; 223.65 – 223.57 m). D) Coal with sulfur 
precipitate (EP-21: 649 ft; 197.8 m). E) Teichichnus in interlaminated mudstone and 
sandstone (EP-21: 497 ft; 151.5 m). F) Inoceramid shell hash (EP-21: 855-854 ft; 260.6 – 
260.3 m). G) Bioturbated rhythmic bedding (EP-28: 424.25 – 423.75 ft; 129.3 – 129.16 
m). H) Fossil assemblage of Caryocorbula bivalves and Voysa gastropods (EP-28: 
713.25 ft; 217.4 m). I) Coalified root traces (EP-28: 660.5 ft; 201.3 m). J) Plant fragments 











Figure 13. Examples of FA 3.1 in outcrop. A) Trenched interval showing different 
lithofacies of FA 2.1. B) Wavy and lenticular-bedded mudstone overlying coal. C) Coal 
with Thalassinoides. D) Mudstone with abundant organic fragments. E) Very fine-



























Figure 14. Examples of FA 3.2 in core. A) Structureless sandstone < 1 m thick with a 
sharp base (EP-24: 1007.5 – 1005 ft; 307.1 – 306.3 m). B) Wavy planar and flaser 
bedding with interbedded mudstone. C) Gradational contact between mudstone and 
sandstone with wavy, lenticular, rhythmic bedding (core shown in photo EP-24: 994.5 – 
988.5 ft; 303.1 – 301.3 m). D) Gradational and rhythmic contact between mudstone and 
sandstone EP-24: 1033.5 – 1031.5 ft; 315.0 – 314.4 m). E) Rhythmic convoluted bedding 





















































Figure 15. Core plug sample locations in cores EP-24 and EP-25 and biostratigraphy 
sample locations in core EP-24. Biostratigraphy samples found to contain dinoflagellates 
are marked with the amount of dinoflagellates present. The amount of dinoflagellates 
found at each location is relatively low, with the exception of the sample taken at 877.8 ft 



































Figure 16. Permeability and porosity cross plots showing the relationships in lithofacies 
and facies associations. A) Vertical permeability versus porosity, data colored by 
lithofacies. B) Horizontal permeability versus porosity, data colored by lithofacies. C) 
Vertical permeability versus porosity, data colored by lithofacies. D) Horizontal 
permeability versus porosity, data colored by facies associations. E) Vertical permeability 
versus horizontal permeability, data colored by lithofacies, black line has a slope of 1:1. 
F) Vertical permeability versus horizontal permeability, data colored by facies 





































LF 4 19.3 72.37 6 77.73 5 0.983 
LF 6 24.1 210.4 17 361.9 12 0.685 
LF 8 25.6 319.6 7 - - - 
LF 9 13.4 5.404 2 3.679 3 0.980 
LF 10 24.5 303.5 18 313.7 7 0.617 
FA 1.1 21.0 39.55 2 59.81 2 - 
FA 1.2 27.0 349.8 13 411.8 2 0.438 
FA 2.1 19.6 111.6 11 70.69 6 0.879 
FA 2.2 27.6 353.3 16 367.5 9 0.881 
FA 3.2 14.3 29.49 7 77.70 6 0.096 
*Kv/Kh calculations performed using vertical and horizontal core plug samples taken 











































Figure 17. Charts displaying the relationship between 2D porosity values obtained from 

































































Figure 18. Photomicrographs of thin sections of sandstone from core EP-24. 
Photomicrographs are arranged by FA. Sample depth, lithofacies, average grain size, and 
2D porosity are listed for each image. Red scale bar in each image is 500 micrometers. A) 
1236 ft (376.7 m), LF 6, 0.125 mm, 30.28%.  B) 1193.4 ft (363.7 m), LF 6, 0.140 mm, 
24.52 %. C) 1134 ft (345.6 m), LF 6, 0.172 mm, 3.41 %. D) 980.4 ft (298.8 m), LF 6, 
0.151 mm, 8.90 %. E) 967 ft (294.7 m), L 10, 0.155 mm, 26.53 %. F) 1077 ft (328.3 m), 
LF 9, 0.132 mm, 2.67 %. G) 1050.5 ft (320.2 m), LF 10, 0.187 mm, 11.04 %. H) 922.4 ft 
(281.1 m), LF 10, 0.167 mm, 9.25 %. I) 749.4 ft (228.4 m), LF 4, 0.092 mm, 23.04 %. J) 
832 ft (253.6 m), LF 10, 0.187 mm, 23.48 %. K) 794 ft (242.0 m), LF 10, 0.237 mm, 
25.65 %. L) 658 ft (200.6 m), LF 6, 0.191 mm, 29.96 %. M) 579 ft (176.5 m), LF 10, 
0.127 mm, 27.03 %. N) 1030 ft (313.9 m), LF 4, 0.058 mm, 0.60 %. O) 875 ft (266.7 m), 


















































Figure 19. Grain size distribution histograms for facies associations containing sampled 
sandstone deposits from core EP-24. Mean values are shown by the red line and median 








Figure 20. Bar graph showing percentages of well-rounded, rounded, subrounded, 
subangular, angular, and very angular grains for facies associations containing sampled 
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Figure 21. Cumulative distribution functions of grain size for facies associations 









































Core interpretations are challenging due to limited spatial or geometric data. 
Thus, supplementing core data with geometric data from outcrop is a means of validating 
depositional environment interpretations and resolving ambiguities. Additionally, core 
and outcrop data are useful in evaluating how depositional processes affect reservoir 
continuity and quality. As such, the goals of this discussion are fourfold: 1) Evaluate and 
support original and alternative interpretations for deposits in the EP cores through the 
incorporation of outcrop observations from Alvey Wash and other studies of the JHM, 2) 
address reservoir continuity (inter-geobody architecture) of marginal marine deposits of 
the JHM, 3) address reservoir quality (intra-geobody architecture) of marginal marine 
deposits of the JHM, and 4) compare them to other similar deposits found in literature. 
 
 
Interpretation Uncertainty in Core 
Some deposits within the core were left as undifferentiated nonchannelized back-
barrier deposits (FA 3.2) as they did not possess enough diagnostic characteristics to be 
placed into one of the identified FAs (e.g., 992 – 990 ft, 302.4 – 301.8 m, in core EP-24 
and 1136 – 1134 ft, 346.3 – 345.6 m, in core EP-25). Although the depositional 
environment, a brackish, tidally influenced back-barrier setting with adjacent coastal 
plain, is confirmed through core observations and measurements (biostratigraphy) and 





significant uncertainty in both cases. Marginal marine deposits in core range from thin 
isolated sandstone beds interpreted as < 1 m tidal channels to amalgamated sandstone 
beds > 45 m thick interpreted as marine influenced fluvial channels. While there is 
observational evidence for these interpretations, uncertainty still exists and evaluating the 
impact of that uncertainty on the reliability of reservoir continuity and quality predictions 
in 3-dimensional space lends insight into potential reservoir risk exposure. 
The majority of relatively thin (< 2 m) deposits in the cores have been interpreted 
as tidal channels (FA 2.1) based on bedforms, tidal indicators, and sharp/erosive bases 
(Table 2). Similar sandstone beds are interpreted as washover fans in outcrop, based on 
lateral extent (typically 100 m), paleolandward dip (due to deposition on the landward 
side of a barrier island or spit), and structureless to planar and ripple bedding. It is 
difficult to interpret washover fans in core due to a lack of the 2- to 3-D indicators. 
Washover fans are deposited by storm events and in a timespan relatively quick 
compared to other back-barrier deposits of tidal origin. The relatively quick deposition of 
these deposits results in minimal tidal reworking (indicated by the lack of slackwater 
drapes within the deposits). A potential washover fan in the EP cores could be interpreted 
in EP-24 at a depth of 1007.5 – 1005 ft (307.1 – 306.3 m) (Figure 14). This sandstone is 
< 1 m thick, structureless, and has potentially rhythmic bedding with interbedded 
mudstone in the top 15 cm. These observations are consistent with interpretations of 
washover fans in the JHM (Allen and Johnson, 2011; Dooling, 2013; Chentnik et al., 
2015). The alternative interpertation of washover fans for tidal channels would promote 
reservoir connectivity in close proximity to the barrier shoreline. This is due to the broad 





landward reaching geometry of tidal channels (Figure 22C). As such, the interpretation of 
more washover fans in place of tidal channels could over predict net sandstone thickness 
and connectivity near the coastline. 
Misinterpretation of thick sandstone within the cores is possible as well. Tidal 
bars are a ubiquitous deposit in tidal depositional environments and have been identified 
at multiple locations within the JHM on the Kaiparowits Plateau, but were not interpreted 
in the EP cores. In outcrop, barforms can amalgamate to form sets up to 30 m thick and 
are continuous over 100 m (Chentnik et al., 2015). They are most recognizable in outcrop 
from master accretionary surfaces and a concave down, often elongate shaped geometry 
(Mulhern, personal communication), both of which are difficult to identify in core. 
Barrier islands and amalgamated tidally influenced channels represented by thick 
sandstone beds and tidal indicators such as herringbone cross stratification could 
alternatively be interpreted as amalgamated tidal bars. Barrier island deposits would form 
larger, more extensive connected sandstone geobodies than tidal bars which are not as 
laterally extensive as barrier islands and can be of a comparable thickness but only when 
amalgamated (Roehler, 1988; Chentnik et al., 2015). Tidal bars are comparable in size 
and extent in comparison to fluvial deposits of the JHM along the eastern part of the 
Kaiparowits Plateau as fluvial deposits amalgamate to a thickness of 15 m and are 
laterally continuous for 100s of meters (Allen and Johnson, 2011; Chentnik et al., 2015). 
Misinterpreting barrier islands as tidal bars in core would result in underpredicting net 
sandstone pay and connectivity, whereas misinterpreting tidal bars for fluvial deposits 







Implications for Presence and Interpretation of Reservoir 
 
The geometry (size and shape), distribution and stacking patterns of geobodies is 
an important factor when evaluating hydrocarbon reservoirs; influencing reservoir 
volumes and compartmentalization (Weber and Geuns, 1990; Ainsworth, 2005, 2010). 
Paralic settings are dynamic due to many depositional processes (e.g., bidirectional or 
tidal flow, wave action, longshore current, unidirectional flow from fluvial input) and as a 
result contain sandstone bodies of multiple sizes and shapes (Table 2). The amount of 
terrigenous and marine sediment input and the rise and fall of sea level govern reservoir 
type. Deposition of more sandstone geobodies increases the probability of reservoir 
continuity. Assessing continuity of sandstone geobodies of the JHM along strike and dip 
naturally shows that variations do occur, thus introducing heterogeneity and impacting 
reservoir continuity. Utilizing spatial and cyclic data from previous outcrop studies of the 
John Henry Member, other ancient examples, and modern analogues and applying them 
to the interpretations in this study provides a framework to evaluate subsurface deposits 
for reservoir potential. This framework can be used to aid in predicting spatial changes 
within a marginal marine reservoir when moving proximally, distally, or along strike. 
Outcrop observations are critical to derive this framework, providing spatial 
information not afforded by core and thus, more insight into the depositional processes 
associated with these deposits. Three facies associations identified in the cores are further 
evaluated by using outcrop observations from Alvey Wash. The first, the interpretation of 
FA 1.2 (middle-upper shoreface) in core, is confirmed and expanded upon (tidal inlet and 
barrier island) based on similar lithological characteristics between core and outcrop and 





2.1 and FA 3.1 (as it houses the sandstone geobodies of 2.1) in the EP cores are 
confirmed through outcrop observations. 
 
 
Shoreface, Tidal Inlets, and Barrier Islands 
 
 Shoreface deposits (FA 1.2) can be traced for 10s of kilometers along strike in 
outcrop along the Kaiparowits Plateau (along Fifty Mile Mountain) and 100s of 
kilometers in modern settings. Within the JHM these deposits are thick due to a high 
accommodation setting with high sediment input (Allen and Johnson, 2011). The 
continuity of shoreface deposits moving down dip (paleolandward) into the Kaiparowits 
Plateau is unclear. Outcrop characterization at Left Hand Collet Canyon (Dooling, 2013), 
approximately 8 km south-east of the southernmost core (core EP-28), provides a dip 
view of the JHM. Seven transgressive-regressive (T-R) cycles were identified through 
approximately 285 m of strata (Dooling, 2013). Approximately 20-30 km to the southeast 
of Left Hand Collet, six complete T-R cycles through approximately 200 m of strata 
using strike- and dip-oriented sections were identified at Rogers Canyon (Allen and 
Johnson, 2011). In both outcrop locations, shoreface deposits are observed to either pinch 
out in the paleolandward direction or extend into the plateau. Based on studies conducted 
on the southwestern part of the Kaiparowits Plateau (e.g., Kelly Grade; Gallin, 2010) it is 
known that the JHM transitions to paralic and coastal plain deposits void of any shoreface 
deposits (Figure 2). This implies that the shorefaces that extend into the subsurface at 
Left Hand Collet and Rogers Canyon pinch out within 20 km to the southwest, or within 
20 km down dip. A comparable Western Interior Seaway ancient system is the Horseshoe 





seven transgressive regressive cycles extending at least 21 km in the depositional dip 
direction (Ainsworth, 1994). 
 Tidal inlets are similar to the shoreface deposits of FA 1.2 in regards to lateral 
continuity and sedimentological charactersitics. Approximately 50 – 60 m above the FA 
1.2 sandstone cliff at the base of Alvey Wash that correlates to the thick FA 1.2 sandstone 
at the bottom of cores EP-24 and EP-25 is a laterally continuous and 5 – 10 m thick gray 
sandstone (Figure 6). This geobody can be traced for over 10s of kilometers, is fine- to 
medium-grained, has high angle accretion sets, bi-directional cross beds, convolute 
bedding, occasional mud rip-up clasts, shell fragments, double mud drapes, and a sharp 
base (Figure 23). Comparable deposits are also observed extending over 4 km down dip 
in Left Hand Collet to the south of Alvey Wash (Dooling, 2013), over 10 km in Main 
Canyon to the northwest (Chentnik et al., 2015), and are up to 3.5 km wide in Rogers 
Canyon to the south (Allen and Johnson, 2011). These tidal inlets may be comparable to 
the closely related tidal channel fills and tidal sheet forms of the Hosta Tongue of the 
Point Lookout Sandstone (New Mexico), which extend up to 1 km in dip extent and are 
more than 2 km wide (Sixsmith et al., 2008). 
 Tidal inlets can be moved by longshore current. This process in conjunction with 
sea level rise can result in the formation of a sheet like geometry that is deposited over 
lagoon fill (Sanders and Kumar, 1975; Sixsmith et al., 2008; Chentnik et al. 2015), like 
that observed in Alvey Wash (Figure 10). The coarse base with abundant shell fragments 
that forms a sharp contact with the substrate, along with bidirectional flow indicators 
such as herringbone cross-stratification and double mud drapes are strong evidence of a 





787 – 735 ft; 239.9 – 224.0 m, EP-24: 299.3 – 286.2 m, EP-25: 1194 – 1163 ft; 363.9 – 
354.5 m, EP-07: 876 – 839 ft; 267.0 – 255.7 m, EP-28: 573 – 549 ft; 174.7 – 167.3 m). A 
core study of a modern tidal inlet in South Africa (Reddering, 1983) shows lithological 
characteristics similar to those seen in the EP cores, such as bidirectional flow indicators 
and shell fragments. As is the case in outcrop, this geobody is extensive in the subsurface 
(Figure 6). A migrating tidal inlet is also interpreted to overly FA 1.2 in core EP-21 (787 
– 735 ft; 239.9 – 224.0 m), which is similar to what is observed approximately 20 km 
away in Main Canyon (Chentnik et al., 2015). 
Barrier islands are deposits that exhibit similar sedimentological characteristics, 
such as hummocks, swales, planar bedding, convolute bedding, occasional mud rip-up 
clasts and Ophiomorpha burrows, to shorefaces of FA 1.2. They are ~ 7 – 19 m thick, 
fine- to medium-grained, and cliff-forming sandstone that sharply overlying FA 3.1 and 
overlain by FA 3.1 (Figure 24). The most notable lithological difference between middle-
upper shoreface and barrier island deposits is the sharp base of a barrier island that forms 
as a result of backstepping over lagoonal deposits during transgression (Figure 24A and 
B) (Roehler, 1988; Donselaar, 1989; Olsen et al., 1999; Mulhern and Johnson, 2016a). In 
a spatial context, shorefaces are continuous along strike whereas barrier islands are not. A 
series of barrier islands along a coast, or a barrier island chain, are often separated by 
tidal inlets which migrate along the coast and constantly alter the lateral extent of 
individual barrier islands (Roehler, 1988). In Alvey Wash, barrier island deposits can 
extend for over 4 km along strike and can reach over 1 km in the dip direction (for 
examples of extent in outcrop see Figure 10). The barrier island chain of the Almond 





wide (Roehler, 1988). The Cliff House Sandstone in northwest New Mexico is composed 
of vertically stacked barrier sandstone with individual widths of around 5 km (Donselaar, 
1989) and 10 – 20 km in southwest Colorado (Olsen et al., 1999). Both the Almond 
Formation and the Cliff House Sandstone pinch out landward into lagoon and coastal 
plain deposits and seaward into offshore shales. Delineating the extent of these sand 
bodies is difficult along strike in both outcrop and subsurface studies, contrary to the 
extent in the dip direction (Roehler, 1988). 
Another explanation for barrier island development is the filling and preservation 
of the void space of a tidal inlet (Mulhern and Johnson, in review). This occurs through 
sediment deposition via longshore drift as the barrier island or spit evolves down drift. 
Barriers are known to form along coasts affected by micro- to mesotides (Roehler, 1988), 
which is in agreement with the Cretaceous Western Interior Seaway, as it was primarily 
microtidal (Slater, 1985; Ericksen and Slingerland, 1990). The change in color at the top 
of the barrier island deposits in core EP-21 (659 ft: 200.9 m) and presence of rhizoliths 
(652 ft; 198.7 m) may represent the preservation of foreshore deposits and an overlying 
marsh (Roehler, 1988; Oertel and Kraft, 1994). 
 
 
Tidal Channels and Washover Fans 
 
The majority of tidal channels in the EP cores and in Alvey Wash are relatively 
thin (< 2 m) deposits that they tend to pinch out laterally over ~ 10 m (Figure 9). Modern 
analogues show that smaller tidal channels that branch off from a main distributary 
channel, both those that are blind and those that transition to fluvial, can extend for a few 





portion of Willapa Bay; Smith, 1987; Fenies and Faugeres, 1998; Sixsmith et al., 2008). 
Tidal channels that do not transition to fluvial channels tend to thin landward and also 
bifurcate landward (also seen in the Arcachon Lagoon), causing the potential for 
reservoir discontinuity in the final deposits (Donselaar and Geel, 2007). Reservoir 
continuity can also be disrupted by channel abandonment when a strong enough current 
causes avulsion, decreasing the channels spatial extent, and by increased sedimentation in 
the form of back-barrier and coastal plain fines, increasing heterogeneity and decreasing 
cross sectional area (Hood, 2006). 
Washover fans can have a lateral extent between 100 m and 1 km in the JHM 
(Allen and Johnson, 2011; Dooling, 2013; Chentnik, et al., 2015), and in other ancient 
examples up to 1 km (Sixsmith et al., 2008). While they tend to be ~ 1 – 2 m thick in the 
JHM, they have been observed to stack up to become 8 m thick (Sixsmith et al., 2008). 
An example of a washover fan in a modern setting, approximately 300 m across, is 
shown in Figure 22F. 
 
 
Inter-Geobody Controls on Reservoir Connectivity 
 
 The volume of reservoir quality geobodies present and whether they are 
connected or isolated determines the inter-geobody architecture, or reservoir type, of a 
reservoir. It can be inferred that the barrier island system in this study produces a 
reservoir that is of the jigsaw puzzle or labyrinth type reservoir (Figure 25) (Weber and 
Geuns, 1990). A jigsaw puzzle reservoir is one where sandstone geobodies commonly 
overlap and connect, resulting in a greater volume of continuous reservoir, whereas a 





What governs the connectivity and lateral extent of these sandstone geobodies, or what 
governs their inter-geobody relationships and the reservoir type, are depositional 
processes and the ratio of accommodation to sediment supply (A/S) (Martinsen et al., 
1999; Ainsworth, 2005; 2010). Facies deposited by wave action, FA 1.2, are the most 
laterally extensive of all of the deposits observed. Facies affected by bidirectional (tidal) 
and unidirectional (fluvial) action, FAs 2.1, 2.2, and 3.2, have limited extents in 
comparison.  
Shoreface deposits yield the largest, connected reservoir. Deposited through wave 
action they are laterally extensive (> 10s of kilometers along strike, and a potential to 
extend for 10s of kilometers along dip, and are 10s of meters thick). The Almond 
Formation, a gas producing formation with an ultimate recovery of 1.6 to 1.7 TCF, is 
composed of a marine barrier island complex with upper shoreface, foreshore, tidal 
channels, and tidal delta, a depositional settings very similar to the JHM (Horn and 
Schrooten, 2001). Hendricks (1994) identified shoreface deposits that develop along 
shoreline trends as the most prolific petroleum reservoirs within this formation. 
The JHM contains regressive and transgressive deposits which are likely to 
overlap in close proximity to the coastline. Drilling along strike of the coastline increases 
the probability that these deposits will form a jigsaw puzzle type reservoir with a high net 
sandstone thickness. Less amalgamation of FAs is expected landward or seaward relative 
to the coastline, resulting in a labyrinth type reservoir and a low net sandstone thickness. 
While landward movement may yield tidal and fluvial deposits (e.g., Figure 22B 
northeastern portions of the Wadden Sea and Figure 22C northeastern portion of the 





of these is not as great as those associated with a barrier coastline (e.g., Figure 22D tidal 
delta, tidal inlet, tidal channels, and barrier island of Malpeque Bay, Figure 22F tidal 
delta and barrier island along the coast of Baja California Sur, and Figure 22G washover 
fan of Fire Island). Tidal channels are more likely to amalgamate in proximity to the 
coastline (Donselaar and Geel, 2007). Moving landward, sandstone geobodies pinch out 
into muddy back-barrier/coastal plain deposits and seaward shoreface deposits pinch out 
into offshore mudstone (Roehler, 1988; Donselaar, 1989; Hendricks, 1994; Olsen et al., 
1999). The presence of muddy deposits can be beneficial, as they can form reservoir seals 
and traps, essential parts to any petroleum system and possibly serve simultaneously as a 
source rock (e.g., Wolfcamp Shale along the eastern shelf of the Permian Basin which 
charges and seals the prolific Horseshoe Reef Complex; Stafford, 1959). 
It is unlikely that the deposits of the EP cores constitute only one T-R cycle and it 
is more probable that there are multiple T-R cycles present. These cycles are not as easily 
delineated in core as they are in outcrop, as identification of key surfaces, such as wave 
ravinement, tidal ravinement, and flooding surfaces, is much more challenging. As such, 
the interval of the EP cores above the A/B shoreface (the vast majority of the cores) is 
assessed as undergoing overall transgression due to its thickness and the presence of tidal 
deposits. The landward movement of shoreface pinchouts up section in Rogers Canyon 
support this statement of overall transgression (Allen and Johnson, 2011). During the 
course of overall transgression sea level rise slowed, sediment supply increased, or a 
combination occurred in order for marine influenced coastal plain deposits to prograde 
onto lagoonal deposits. The occurrence of these marine influenced coastal plain (marine 





decreases, which is further evidence for fluvial progradation. Differentiating T-R cycles 
within the cores would aid in predicting compartmentalization of the JHM in the 
subsurface as T-R cycles not only offer an explanation of the types of deposits (i.e., 
spatial extent of sandstone bodies) but also of surfaces that may increase or decrease 




Intra-Geobody Controls on Reservoir Quality 
 
Intra-geobody (internal geobody architecture) characteristics of marginal marine 
sandstone have potential to further compartmentalize or enhance a reservoir and thus 
affect its performance. Rock property data obtained from core observations, core plugs, 
and thin sections reveal how depositional processes impact the JHM on an intra-geobody 
scale in addition to the inter-geobody scale. For example, reworking and transport of 
sediment on a barrier shoreline by waves, longshore currents, and storms creates a more 
uniform composition and texture (Roehler, 1988; Ericksen and Slingerland, 1990; 
Slingerland and Keen, 1999) increasing porosity (Sun et al., 2007), and the deposition of 
heterolithics within channels of a back-barrier lagoon due to tides increases grain size 
variability and reduces porosity (Smith, 1987; Ainsworth and Walker, 1994; Sun et al., 
2007).  
Planar bedding and structureless sandstone point to processes with high-velocity 
flow, such as wave action along a shoreline or unidirectional flow in a fluvial-dominated 
channel. Trough cross-bedded sandstone are related mostly to channels in this study, 





directional flow, or tidal influence, of a lesser level of energy. Ripple-bedded sandstone 
are found almost exclusively in deposits exhibiting bidirectional characteristics in this 
study. The relatively large grain size and moderately well-rounded nature of FA 1.2 can 
be attributed to the wave action associated with middle-upper shoreface deposits at or 
above fair weather wave base (Saito, 1994; Cattaneo and Steel, 2003). FA 1.1 sandstone 
deposits have a smaller average grain size yet a similar sorting of moderately well. As 
these sandstone are interbedded deposits of the lower shoreface, it is likely that they are 
composed of silt to very fine-grained sand derived from the shelf, most likely from FA 
1.2, and deposited and occasionally reworked through storms (Duke, 1985). The finer 
grain size and less energetic setting (more distal and intermittent storm activity) explain 
the lower porosity and permeability values than FA 1.2. Although FAs 2.1 and 2.2 both 
represent channel fill, the dominating process acting on these deposits is not the same. 
Sandstone of FA 2.2 were deposited primarily through fluvial flow, implying a 
dominantly unidirectional flow regime without a period of zero velocity, or slackwater 
period, caused by bidirectional flow (Reineck and Wunderlich, 1968; Nio and Yang, 
1991; Kvale, 2006), such as that of FA 2.1. For this reason the average grain size is 
significantly different between these two types of channel fill and the same for 
channelized and nonchannelized marine back-barrier deposits. Contrary to what is 
observed by Sun et al. (2007), sorting within the JHM does not decrease as grain size 
increases (Figures 19 and 20). As perverse and baffling as it may be, sorting and grain 
size show no relationship either. This is evident in Figure 21 where different grain size 
distributions have the same sorting. It could be suggested that the similar sorting between 





deposits (FA 3.2) is dependent on morphology of the system (i.e., channels constraining 
grain transport versus an open “tidal flat” where spatial extent of the deposits are not 
governed) and hydraulic conditions (e.g., flow concentrated in a certain direction within a 
channel), as is the case of back-barrier deposits of the Wadden Sea (Figure 22A and B) 
(Bartholomä and Flemming, 2007). 
A higher degree of sorting and a larger grain size contribute to good reservoir 
properties (Meyer and Krause, 2006; Sun et al., 2007). On a bed scale, shoreface deposits 
show internal homogeneity when compared to transgressive tidal deposits (Cattaneo and 
Steel, 2003) making for a better reservoir prospect. Fluvial-dominated channels have 
larger yet slightly less well sorted grains than shoreface deposits and have porosity, 
vertical permeability, and horizontal permeability values comparable to those of 
shoreface deposits (Figures 16, 18, 19, and 21). In some paralic settings where both a 
shoreface and fluvial channels are present, fluvial channels are the overall higher 
reservoir quality deposit (Buatois et al., 1999). 
 Moving landward of shoreface deposits into a marine influenced back-barrier 
environment reservoir quality decreases as heterolithic deposits increase. Such 
environments should not be discounted as reservoir deposits, though, as they are capable 
of producing significant quantities of hydrocarbons despite intra-geobody 
heterogeneities. For example, the Halten Terrace hydrocarbon province (offshore 
Norway) is composed of heterolithic tidal reservoirs and produced 840,000 BOE per day 
in 2005, despite the documented grain and bed scale detriments to reservoir quality and 
continuity (Martinius et al., 2005). 





grain size distribution (e.g., FA 3.2 grain size distribution in Figure 19) and related tidal 
bundles of sand and mud grains that alternate at various frequencies (e.g., tidally 
influenced point bar deposits of FA 2.1 in Figure 8A) dependent on factors such as neap 
and spring tides and ebb or flood dominance (Shanley et al., 1992; Martinius et al., 2005; 
Kvale, 2006; Kvale, 2012). The finer grains that settle out of suspension during the brief 
pause in flow that is the slackwater period and the coarser grains deposited during ebb 
and flood tides are the constituents of LF 4 in this study. The ratio of mud to sand grains 
is what governs the type of sedimentary structure present in this facies (Reineck and 
Wunderlich, 1968). Flaser and wavy bedding are the most common structures in the 
sandstone of LF 4. Mud grain deposits along bedding planes, or drapes, are the primary 
cause of reservoir compartmentalization at the intra-geobody, or local, scale within tidal 
deposits as they are capable of acting as fluid barriers and creating tortuous pathways for 
























Figure 22. Modern analogues useful in reconstructing the transgressive deposits of the 
John Henry Member in the EP cores. A and B) Wadden Sea, southeastern North Sea 
(Johannessen et al., 2008). C) Arcachon Lagoon, France (Fenies and Faugeres, 1998). D) 
Malpeque Bay, Prince Edward Island, Canada. E) Between Isla Sant Margarita and Isla 
Creciente along the western side of Baja California Sur, Mexico (Longhitano, Mellere, 
Steel, and Ainsworth, 2012). F) Fire Island, NY. G and H) Willapa Bay and Willapa 
River, Willapa, WA. Arrow denotes tidally influenced point bar exposed at low tide 
(Smith, 1987). TC – tidal channels, TD – tidal delta, BI – barrier island, TI – tidal inlet, 















Figure 23. Examples of potential tidal inlet deposits in core. A) Angled and planar 
bedding (EP-28: 567.9 – 558.5 ft; 173.1 – 170.2 m). B) Close up of alternating angular 
bed sets, possible herringbone cross stratification. C and D) Pebbles at the base of 
potential tidal inlet deposits in EP-28 (C: 574.5 ft; 175.1 m) and EP-24 (D: 981 ft; 299 
m). E) Shell fragments at the base potential tidal inlet deposits in EP-24 (979 ft; 298.4 
m). F) Herringbone cross stratification and overlain by planar bedding. G) Thick blocky 








Figure 24. Barrier island deposits in outcrop and potential barrier island deposits in core. 
A and B) Sandstone deposits directly overlying coal of FA 3.1 (A: EP-25: 1015.2 – 
1005.7 ft; 309.4 – 306.5 m, B: EP-21: 695 – 685.5 ft; 211.8 – 208.9 m. C) Sandstone with 
rhizoliths directly overlain by coal (EP-21: 652 ft; 198.7 m). D) Tabular barrier island 







Figure 25. Potential reservoir types of the subsurface John Henry Member based on core 
interpretations. Labyrinth and Jigsaw Puzzle types after Weber and Geuns (1990). 
Different colored and textured geobodies represent those of reservoir quality and white 
space represents nonreservoir quality fine-grained deposits. The jigsaw puzzle reservoir 
type shows frequent overlap of geobodies and few impermeable layers between, whereas 
the labyrinth reservoir type has less sand on sand contact resulting in more 
compartmentalization. Either scenario is a possibility for the subsurface interpretation of 








Cattaneo and Steel (2003) stated that, “There are no ‘typical’ transgressive 
deposits” emphasizing the fact that subsurface prediction of marginal marine deposits, 
and, in turn, reservoir quality and connectivity, is a difficult task. To combat this, a 
thorough working knowledge of depositional environments and depositional processes is 
mandatory for an accurate and confident assessment of reservoir. Such an assessment 
comes from utilizing predictive frameworks based on multiscale data and observations of 
marginal marine strata like the one generated in this study.  
 Marginal marine reservoirs within the John Henry Member host a range of 
variable reservoir quality sandstone deposits. A predictive framework of sizes, shapes, 
and stacking patterns of facies associations was established through core description and 
validated by outcrop correlation. Core rock properties were analyzed within this 
framework to identify any trends or grouping. Depositional environment and processes 
impact reservoir rock properties. Shoreface (FA 1.2) and fluvial-dominated channel fill 
(FA 2.2) represent the highest quality reservoir sandstone. Sandstone of FA 1.2 and 2.2 
represent deposits of high depositional energy and not are impacted by slackwater periods 
associated with the bidirectional flow of tides. Of these two FAs, shoreface sandstone 
geobodies are the most laterally extensive and thus the most ideal reservoir identified in 
the EP cores. 





deposits along with grain and bed, or intra-geobody, scale characteristics are largely 
governed by depositional processes and, to a slightly lesser extent, accommodation and 
sediment supply. As the JHM was subject to a near balance of high accommodation and 
sediment supply and comprised of both transgressive and regressive deposits the 
following was determined: 1) the subsurface JHM comprises a reservoir type that falls 
between jigsaw puzzle and labyrinth, 2) multiple depositional processes have acted on the 
regressive and transgressive deposits (e.g., wave action versus tidal flow) creating 
variable levels of heterogeneity on the intra-geobody scale, 3) multiple depositional 
processes created geobodies of varying spatial extent, and 4) the moderate 


























Core descriptions for the five EP cores used in this study are provided in 












































































































































































































































































































































































































































 Appendix B is comprised of a composite measured section representing outcrop 


















Appendix C comprises data obtained from core plug and thin section analyses. 
Core EP-24 data was collected from 58 core plugs and 19 thin sections. Thin sections 
were made from core plugs sampled from core EP-24 with each thin section sample # 
corresponding to a core plug sample #. Core EP-25 data was collected from 18 core plugs 
(Dworsky, 2015). Tables 4 and 5 display core plug data. Table 6 displays grain size data 
and 2D porosity data. The columns with headings Well-Rounded, Rounded, Subrounded, 
Subangular, Angular, and Very Angular show percentages of grains based on a 300 point 
count for each thin section. Table 7 displays thin section grain size data in mm with the 





Table 4. Core EP-24 core plug data 
Sample # Depth (ft) Porosity (%) Permeability (mD) Orientation LF FA 
1 1244 18.571 35.900 V 6 1.1 
2 1236 18.657 13.950 H 6 1.1 
3 1225.75 23.132 43.200 V 6 1.1 
4 1215 23.448 105.667 H 6 1.1 
5 1193.4 25.123 146.667 V 6 1.2 
6 1193.4 24.028 153.000 H 6 1.2 
8 1171.9 30.036 518.000 V 10 1.2 
9 1152.4 30.825 670.667 H 6 1.2 
10 1134 15.801 2.830 V 6 1.2 
11 1077 14.575 1.157 V 9 2.1 
12 1077 12.905 0.026 H 9 2.1 
13 1072.4 13.855 0.660 H 10 2.1 
14 1072.4 10.128 0.012 V 10 2.1 
15 1050.5 16.788 29.867 V 10 2.1 
16 1050.5 15.624 32.533 H 10 2.1 
17 1030 13.169 0.120 V 4 3.2 
18 1030 18.146 0.356 H 4 3.2 
19 1006.5 8.200 0.131 V 6 3.2 
20 1006.5 8.596 0.180 H 6 3.2 
21 990.8 6.252 0.027 V 4 3.2 
22 990.8 8.205 0.065 H 4 3.2 
23 980.4 12.766 0.569 V 6 1.2 
24 967.3 28.815 948.000 H 10 1.2 
25 967 27.383 336.000 V 10 1.2 
26 941 26.683 849.667 H 6 1.2 
27 933 23.795 44.267 V 4 3.2 
28 933 17.821 7.895 H 4 3.2 
29 922.4 17.769 4.137 V 10 2.1 
30 922.4 17.972 10.567 H 10 2.1 
31 915 23.672 457.670 H 6 3.2 
32 915 15.054 0.069 V 6 3.2 
33 908 26.090 288.667 V 4 2.1 
34 908 25.021 118.333 H 4 2.1 
35 875 20.294 9.303 V 8 3.2 
36 832 27.922 459.333 V 10 2.2 
37 832 27.122 514.000 H 10 2.2 
38 822 28.168 517.667 H 6 2.2 
39 812.4 29.962 517.667 H 6 2.2 
40 794 29.906 512.000 H 10 2.2 
41 794 29.781 484.667 V 10 2.2 





Table 4. continued 
Sample # Depth (ft) Porosity (%) Permeability (mD) Orientation LF FA 
43 762.5 31.070 501.667 V 6 2.2 
44 762.5 31.160 481.000 H 6 2.2 
45 750 23.418 51.967 V 4 2.1 
46 749.4 25.718 48.967 V 4 2.1 
47 749.4 25.146 262.000 H 4 2.1 
49 739 4.119 0.011 H 9 3.2 
50 692.4 25.997 41.950 V 10 2.2 
51 692.4 26.537 178.333 H 10 2.2 
52 680 22.107 50.867 H 6 2.2 
53 658 33.575 458.667 V 6 2.2 
54 658 33.036 524.667 H 6 2.2 
55 637.5 26.968 360.667 V 10 2.2 
56 618 17.601 11.000 H 9 2.2 
57 618 17.815 9.650 V 9 2.2 
58 605 32.365 526.000 V 6 2.2 
60 579 29.973 118.667 V 10 2.2 
61 551.5 33.159 1086.667 V 6 2.2 
 
Table 5. Core EP-25 core plug data 
Sample # Depth (ft) Porosity (%) Permeability (mD) Orientation LF FA 
1 685 16.41 73.624 V 8 2.2 
4 742 32.155 1052.050 V 10 2.2 
8 788.5 21.128 9.709 V 10 2.2 
12 834 30.332 100.400 V 8 2.2 
13 838 25.998 70.068 V 6 2.2 
22 952 30.041 742.612 V 8 1.2 
23 965 30.837 408.000 V 10 1.2 
24 982 33.173 1143.000 V 8 1.2 
25 991 32.355 966.592 V 10 1.2 
26 1008 31.352 158.721 V 8 1.2 
29 1036 20.489 61.264 V 6 2.1 
30 1042 18.026 306.120 V 10 2.1 
31 1058 30.484 151.226 V 10 2.1 
39 1134 18.972 152.505 V 10 3.2 
52 1332 19.422 284.482 V 6 2.1 
54 1369 27.042 64.280 V 10 1.2 
55 1391 28.66 58.159 V 6 1.2 




Table 6. Core EP-24 thin section grain roundness and porosity data 








Angular LF FA 
Porosity 
(%) 
2 1236 1.33 13 38 28.33 18 1.33 6 1.1 30.28 
5 1193.4 0.2 15.4 38 29.2 17 0.2 6 1.2 24.52 
8 1171.9 1 12 39.4 31.8 15.2 0.6 10 1.2 28.14 
10 1134 1.6 14 43.4 28.2 11.4 1.4 6 1.2 3.41 
11 1077 0 8.33 37.33 40.67 13.33 0.33 9 2.1 2.67 
15 1050.5 0 5.67 43.67 34.67 14.67 1.33 10 2.1 11.04 
18 1030 0 8.33 40.33 41.67 9 0.67 4 3.2 0.6 
23 980.4 0.33 10.33 45.33 29 12 3 6 1.2 8.9 
25 967 1 9.33 47.33 29.67 12 0.67 10 1.2 26.53 
29 922.4 0 7.33 42.33 38 12.33 0 10 2.1 9.25 
35 875 0 2.67 45.33 47 5 0 8 3.2 12.98 
36 832 0.67 14.67 52 27 5.33 0.33 10 2.2 20.9 
41 794 0.67 10 48 35.67 5 0.67 10 2.2 25.65 
46 749.4 0.67 18.33 49.67 27.67 3.67 0 4 2.1 23.04 
50 692.4 0.67 12.67 32.33 39 14 1.33 10 2.2 17.19 
53 658 2 12.33 36.67 39.67 9 0.33 6 2.2 29.96 
55 637.5 0.33 23 38.67 32.67 5.33 0 10 2.2 24.2 
58 605 0.33 12.67 40 37.33 9.33 0.33 6 2.2 30.41 

















Table 7. Core EP-24 thin section grain size data 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
1 0.169 0.219 0.178 0.043 0.181 0.056 0.157 0.159 0.237 0.272 0.143 0.385 0.095 0.275 0.238 0.088 0.191 0.345 
2 0.117 0.087 0.136 0.041 0.246 0.059 0.307 0.195 0.142 0.291 0.177 0.144 0.104 0.270 0.262 0.116 0.228 0.119 
3 0.226 0.086 0.163 0.104 0.236 0.058 0.196 0.116 0.104 0.324 0.257 0.193 0.111 0.164 0.206 0.048 0.091 0.056 
4 0.121 0.134 0.204 0.072 0.161 0.074 0.057 0.130 0.181 0.306 0.236 0.276 0.125 0.287 0.180 0.118 0.059 0.107 
5 0.257 0.134 0.117 0.032 0.158 0.073 0.258 0.092 0.157 0.409 0.121 0.317 0.159 0.105 0.131 0.069 0.198 0.118 
6 0.119 0.181 0.207 0.043 0.202 0.069 0.385 0.096 0.254 0.110 0.237 0.266 0.075 0.109 0.159 0.091 0.304 0.104 
7 0.124 0.159 0.117 0.028 0.208 0.113 0.105 0.171 0.157 0.188 0.066 0.232 0.072 0.380 0.051 0.106 0.322 0.139 
8 0.169 0.200 0.198 0.049 0.231 0.117 0.050 0.131 0.173 0.469 0.072 0.165 0.092 0.325 0.149 0.085 0.282 0.121 
9 0.102 0.121 0.115 0.058 0.141 0.071 0.118 0.134 0.145 0.228 0.235 0.095 0.057 0.247 0.186 0.069 0.311 0.231 
10 0.075 0.175 0.165 0.043 0.197 0.054 0.163 0.093 0.185 0.277 0.092 0.305 0.080 0.320 0.216 0.133 0.090 0.143 
11 0.108 0.109 0.243 0.058 0.219 0.057 0.134 0.131 0.195 0.270 0.055 0.294 0.086 0.152 0.212 0.105 0.121 0.152 
12 0.283 0.139 0.178 0.034 0.201 0.086 0.160 0.074 0.246 0.307 0.144 0.205 0.164 0.134 0.225 0.151 0.225 0.126 
13 0.123 0.155 0.121 0.057 0.190 0.072 0.133 0.096 0.175 0.131 0.238 0.198 0.117 0.199 0.194 0.061 0.252 0.125 
14 0.202 0.171 0.086 0.043 0.176 0.085 0.174 0.127 0.141 0.180 0.051 0.454 0.084 0.208 0.158 0.078 0.173 0.113 
15 0.124 0.085 0.181 0.083 0.191 0.053 0.088 0.176 0.137 0.170 0.061 0.227 0.114 0.244 0.173 0.134 0.209 0.082 
16 0.078 0.094 0.281 0.052 0.111 0.092 0.154 0.125 0.217 0.215 0.164 0.233 0.063 0.227 0.066 0.080 0.231 0.102 
17 0.077 0.119 0.166 0.031 0.192 0.044 0.278 0.139 0.107 0.263 0.148 0.373 0.043 0.070 0.160 0.087 0.232 0.122 
18 0.134 0.167 0.105 0.115 0.135 0.053 0.082 0.154 0.071 0.200 0.202 0.292 0.096 0.045 0.165 0.031 0.045 0.167 
19 0.071 0.174 0.144 0.062 0.110 0.059 0.290 0.145 0.234 0.273 0.268 0.105 0.065 0.038 0.100 0.073 0.129 0.087 
20 0.119 0.124 0.109 0.072 0.241 0.074 0.135 0.202 0.093 0.203 0.250 0.232 0.110 0.044 0.137 0.122 0.278 0.065 
21 0.228 0.245 0.160 0.068 0.146 0.062 0.157 0.104 0.166 0.207 0.181 0.161 0.139 0.032 0.248 0.074 0.197 0.200 
22 0.140 0.118 0.177 0.065 0.137 0.077 0.304 0.209 0.116 0.331 0.413 0.214 0.102 0.075 0.189 0.143 0.119 0.131 
23 0.105 0.106 0.144 0.035 0.169 0.091 0.263 0.170 0.149 0.147 0.173 0.188 0.094 0.078 0.165 0.199 0.098 0.102 
24 0.135 0.204 0.190 0.055 0.217 0.087 0.089 0.107 0.096 0.197 0.281 0.166 0.083 0.039 0.207 0.188 0.366 0.121 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
26 0.151 0.214 0.090 0.051 0.151 0.055 0.111 0.154 0.121 0.108 0.227 0.231 0.076 0.217 0.293 0.113 0.104 0.083 
27 0.053 0.125 0.129 0.058 0.201 0.072 0.222 0.137 0.136 0.343 0.192 0.287 0.084 0.073 0.146 0.099 0.201 0.141 
28 0.060 0.086 0.260 0.082 0.186 0.114 0.186 0.225 0.253 0.364 0.118 0.278 0.165 0.328 0.289 0.114 0.206 0.111 
29 0.183 0.085 0.191 0.050 0.166 0.140 0.275 0.270 0.202 0.225 0.112 0.215 0.093 0.093 0.166 0.105 0.255 0.195 
30 0.125 0.100 0.182 0.064 0.092 0.091 0.163 0.118 0.189 0.119 0.200 0.249 0.128 0.059 0.172 0.099 0.175 0.106 
31 0.125 0.089 0.195 0.058 0.153 0.089 0.147 0.149 0.143 0.123 0.108 0.207 0.050 0.207 0.112 0.095 0.222 0.146 
32 0.054 0.128 0.173 0.099 0.165 0.094 0.118 0.115 0.254 0.089 0.100 0.236 0.064 0.313 0.263 0.119 0.135 0.098 
33 0.099 0.162 0.218 0.061 0.163 0.062 0.326 0.142 0.295 0.159 0.107 0.298 0.126 0.224 0.160 0.079 0.099 0.093 
34 0.049 0.172 0.152 0.028 0.077 0.068 0.355 0.139 0.206 0.190 0.277 0.277 0.124 0.199 0.324 0.115 0.194 0.163 
35 0.098 0.148 0.203 0.036 0.132 0.111 0.155 0.138 0.209 0.091 0.153 0.229 0.044 0.096 0.241 0.091 0.142 0.211 
36 0.210 0.159 0.116 0.050 0.125 0.120 0.214 0.152 0.056 0.209 0.146 0.109 0.078 0.140 0.077 0.122 0.069 0.084 
37 0.043 0.196 0.210 0.083 0.131 0.070 0.142 0.124 0.170 0.192 0.135 0.317 0.052 0.147 0.238 0.088 0.320 0.088 
38 0.127 0.231 0.190 0.040 0.161 0.048 0.168 0.142 0.170 0.276 0.360 0.227 0.057 0.199 0.113 0.090 0.174 0.168 
39 0.114 0.217 0.192 0.046 0.074 0.069 0.129 0.162 0.185 0.291 0.126 0.517 0.081 0.180 0.182 0.100 0.133 0.056 
40 0.146 0.128 0.191 0.055 0.047 0.076 0.227 0.078 0.211 0.133 0.259 0.388 0.080 0.167 0.176 0.085 0.182 0.115 
41 0.115 0.287 0.210 0.023 0.235 0.115 0.177 0.118 0.183 0.046 0.306 0.314 0.157 0.196 0.189 0.115 0.226 0.274 
42 0.140 0.255 0.159 0.049 0.197 0.050 0.100 0.128 0.247 0.074 0.106 0.160 0.192 0.193 0.226 0.117 0.213 0.145 
43 0.130 0.101 0.266 0.068 0.137 0.081 0.179 0.201 0.109 0.130 0.193 0.309 0.124 0.181 0.107 0.080 0.290 0.072 
44 0.083 0.122 0.163 0.046 0.158 0.062 0.157 0.091 0.183 0.387 0.084 0.100 0.057 0.145 0.265 0.078 0.271 0.093 
45 0.298 0.109 0.147 0.034 0.120 0.048 0.136 0.158 0.208 0.114 0.159 0.360 0.081 0.254 0.121 0.126 0.115 0.176 
46 0.175 0.080 0.213 0.046 0.175 0.089 0.283 0.173 0.112 0.149 0.196 0.369 0.122 0.036 0.214 0.094 0.177 0.192 
47 0.147 0.151 0.248 0.051 0.175 0.095 0.205 0.157 0.119 0.299 0.086 0.209 0.112 0.135 0.067 0.096 0.044 0.084 
48 0.103 0.091 0.187 0.057 0.092 0.066 0.151 0.111 0.144 0.276 0.136 0.258 0.123 0.189 0.396 0.095 0.122 0.058 
49 0.089 0.095 0.125 0.056 0.120 0.050 0.135 0.085 0.079 0.276 0.058 0.216 0.142 0.130 0.127 0.092 0.191 0.063 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
51 0.109 0.167 0.236 0.040 0.123 0.041 0.202 0.153 0.125 0.111 0.028 0.232 0.049 0.180 0.301 0.117 0.175 0.080 
52 0.076 0.269 0.113 0.040 0.192 0.039 0.190 0.145 0.175 0.110 0.082 0.179 0.127 0.350 0.251 0.101 0.132 0.164 
53 0.177 0.132 0.158 0.094 0.140 0.093 0.227 0.202 0.175 0.210 0.188 0.208 0.102 0.029 0.216 0.084 0.185 0.101 
54 0.138 0.092 0.110 0.059 0.156 0.036 0.099 0.188 0.151 0.161 0.118 0.248 0.087 0.148 0.191 0.081 0.132 0.107 
55 0.141 0.115 0.160 0.096 0.210 0.042 0.018 0.135 0.143 0.299 0.205 0.462 0.030 0.104 0.152 0.120 0.148 0.174 
56 0.086 0.097 0.112 0.043 0.245 0.032 0.238 0.117 0.321 0.149 0.185 0.314 0.108 0.164 0.161 0.133 0.188 0.127 
57 0.144 0.128 0.207 0.035 0.146 0.039 0.248 0.122 0.246 0.078 0.173 0.306 0.084 0.047 0.154 0.113 0.379 0.167 
58 0.130 0.129 0.145 0.039 0.153 0.036 0.176 0.181 0.178 0.128 0.286 0.152 0.118 0.069 0.245 0.042 0.138 0.211 
59 0.109 0.210 0.108 0.053 0.208 0.015 0.265 0.073 0.143 0.136 0.162 0.097 0.054 0.264 0.197 0.088 0.061 0.067 
60 0.074 0.078 0.198 0.046 0.092 0.045 0.156 0.116 0.106 0.081 0.143 0.110 0.102 0.278 0.224 0.051 0.244 0.102 
61 0.112 0.314 0.118 0.054 0.240 0.132 0.080 0.221 0.193 0.121 0.190 0.219 0.101 0.132 0.312 0.088 0.276 0.095 
62 0.115 0.103 0.204 0.067 0.059 0.093 0.036 0.141 0.128 0.096 0.205 0.216 0.093 0.079 0.207 0.092 0.088 0.121 
63 0.215 0.150 0.222 0.106 0.153 0.053 0.027 0.099 0.157 0.179 0.133 0.284 0.067 0.122 0.158 0.108 0.042 0.076 
64 0.100 0.128 0.106 0.031 0.226 0.046 0.119 0.181 0.112 0.221 0.183 0.211 0.114 0.067 0.224 0.085 0.235 0.076 
65 0.187 0.192 0.206 0.038 0.180 0.068 0.172 0.125 0.207 0.216 0.157 0.419 0.099 0.168 0.109 0.096 0.222 0.094 
66 0.095 0.158 0.207 0.091 0.207 0.058 0.324 0.152 0.127 0.220 0.064 0.195 0.091 0.166 0.123 0.080 0.136 0.126 
67 0.188 0.186 0.174 0.067 0.145 0.073 0.149 0.173 0.240 0.302 0.204 0.117 0.030 0.172 0.157 0.120 0.091 0.101 
68 0.148 0.138 0.185 0.069 0.186 0.071 0.149 0.154 0.102 0.467 0.180 0.352 0.053 0.047 0.250 0.104 0.117 0.132 
69 0.146 0.137 0.195 0.087 0.149 0.112 0.150 0.108 0.108 0.152 0.079 0.129 0.092 0.070 0.112 0.097 0.153 0.055 
70 0.130 0.160 0.099 0.062 0.189 0.090 0.189 0.160 0.100 0.072 0.080 0.261 0.088 0.245 0.257 0.088 0.070 0.130 
71 0.122 0.140 0.145 0.063 0.127 0.083 0.192 0.163 0.066 0.086 0.176 0.427 0.089 0.176 0.173 0.067 0.358 0.177 
72 0.116 0.153 0.239 0.082 0.128 0.072 0.143 0.123 0.050 0.157 0.205 0.271 0.091 0.062 0.261 0.106 0.225 0.131 
73 0.135 0.182 0.242 0.067 0.138 0.133 0.339 0.084 0.110 0.056 0.130 0.159 0.055 0.187 0.037 0.113 0.095 0.136 
74 0.050 0.110 0.128 0.049 0.101 0.080 0.079 0.096 0.141 0.055 0.195 0.265 0.098 0.096 0.252 0.126 0.074 0.160 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
76 0.090 0.161 0.219 0.075 0.177 0.106 0.177 0.107 0.171 0.238 0.176 0.231 0.070 0.221 0.231 0.075 0.109 0.091 
77 0.101 0.104 0.296 0.088 0.088 0.078 0.072 0.057 0.140 0.420 0.234 0.163 0.095 0.204 0.173 0.127 0.253 0.145 
78 0.104 0.148 0.173 0.032 0.244 0.064 0.102 0.143 0.082 0.189 0.197 0.238 0.132 0.105 0.306 0.127 0.122 0.117 
79 0.168 0.131 0.134 0.031 0.218 0.045 0.060 0.128 0.210 0.166 0.126 0.334 0.090 0.156 0.152 0.148 0.069 0.060 
80 0.096 0.132 0.221 0.036 0.187 0.069 0.134 0.085 0.177 0.065 0.181 0.194 0.106 0.098 0.169 0.050 0.126 0.132 
81 0.116 0.062 0.204 0.071 0.236 0.042 0.224 0.045 0.304 0.145 0.192 0.223 0.113 0.251 0.095 0.108 0.213 0.129 
82 0.083 0.099 0.228 0.051 0.266 0.061 0.100 0.119 0.122 0.113 0.202 0.183 0.079 0.092 0.190 0.054 0.173 0.087 
83 0.127 0.149 0.135 0.114 0.298 0.122 0.082 0.132 0.296 0.201 0.367 0.289 0.084 0.209 0.312 0.143 0.167 0.125 
84 0.130 0.108 0.140 0.040 0.268 0.045 0.194 0.112 0.164 0.183 0.230 0.180 0.110 0.247 0.263 0.138 0.216 0.294 
85 0.129 0.095 0.128 0.054 0.405 0.066 0.162 0.087 0.265 0.189 0.252 0.291 0.126 0.127 0.207 0.115 0.244 0.100 
86 0.166 0.129 0.172 0.034 0.142 0.110 0.239 0.195 0.120 0.073 0.240 0.226 0.128 0.282 0.481 0.037 0.178 0.189 
87 0.172 0.177 0.187 0.055 0.154 0.113 0.100 0.065 0.223 0.151 0.267 0.130 0.136 0.122 0.164 0.031 0.178 0.082 
88 0.125 0.125 0.188 0.058 0.278 0.111 0.066 0.157 0.225 0.099 0.114 0.542 0.067 0.163 0.211 0.060 0.224 0.102 
89 0.073 0.163 0.099 0.065 0.248 0.079 0.118 0.114 0.106 0.145 0.096 0.278 0.163 0.120 0.255 0.033 0.220 0.264 
90 0.094 0.132 0.176 0.053 0.224 0.060 0.109 0.231 0.178 0.226 0.437 0.465 0.100 0.051 0.203 0.086 0.134 0.136 
91 0.121 0.127 0.272 0.092 0.168 0.072 0.108 0.178 0.212 0.071 0.174 0.203 0.092 0.036 0.231 0.122 0.180 0.105 
92 0.075 0.117 0.285 0.176 0.142 0.078 0.136 0.262 0.188 0.261 0.353 0.311 0.121 0.287 0.189 0.082 0.523 0.124 
93 0.126 0.155 0.208 0.070 0.168 0.044 0.128 0.044 0.213 0.290 0.265 0.295 0.091 0.153 0.203 0.066 0.059 0.117 
94 0.129 0.153 0.121 0.045 0.247 0.102 0.033 0.110 0.152 0.363 0.177 0.308 0.080 0.209 0.162 0.032 0.275 0.051 
95 0.086 0.106 0.142 0.054 0.178 0.033 0.063 0.103 0.137 0.164 0.141 0.161 0.115 0.189 0.277 0.059 0.266 0.158 
96 0.287 0.135 0.131 0.031 0.072 0.052 0.055 0.114 0.113 0.111 0.318 0.191 0.061 0.120 0.147 0.070 0.104 0.243 
97 0.138 0.037 0.221 0.093 0.120 0.031 0.047 0.156 0.137 0.298 0.205 0.129 0.088 0.051 0.158 0.054 0.195 0.124 
98 0.161 0.097 0.133 0.041 0.217 0.041 0.172 0.175 0.118 0.200 0.225 0.309 0.146 0.363 0.144 0.118 0.127 0.145 
99 0.098 0.078 0.117 0.063 0.147 0.062 0.123 0.168 0.294 0.119 0.157 0.114 0.072 0.101 0.096 0.124 0.136 0.158 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
101 0.094 0.141 0.275 0.041 0.279 0.056 0.122 0.126 0.148 0.218 0.335 0.326 0.031 0.224 0.174 0.079 0.210 0.151 
102 0.148 0.115 0.169 0.045 0.229 0.026 0.098 0.135 0.159 0.213 0.187 0.306 0.135 0.272 0.056 0.084 0.216 0.211 
103 0.101 0.058 0.132 0.174 0.153 0.035 0.050 0.097 0.117 0.081 0.209 0.285 0.042 0.108 0.085 0.150 0.262 0.069 
104 0.118 0.182 0.158 0.101 0.151 0.061 0.090 0.123 0.092 0.277 0.185 0.203 0.085 0.267 0.105 0.057 0.240 0.112 
105 0.108 0.105 0.130 0.121 0.138 0.026 0.038 0.118 0.181 0.200 0.123 0.366 0.144 0.159 0.208 0.068 0.217 0.160 
106 0.133 0.144 0.165 0.078 0.192 0.039 0.077 0.287 0.313 0.115 0.384 0.122 0.111 0.232 0.045 0.054 0.215 0.128 
107 0.159 0.319 0.177 0.069 0.391 0.057 0.059 0.132 0.045 0.227 0.184 0.208 0.080 0.406 0.278 0.103 0.051 0.085 
108 0.142 0.122 0.187 0.075 0.201 0.050 0.104 0.086 0.188 0.193 0.268 0.265 0.077 0.369 0.175 0.134 0.199 0.366 
109 0.106 0.126 0.090 0.056 0.153 0.030 0.081 0.116 0.284 0.124 0.255 0.356 0.111 0.263 0.253 0.074 0.158 0.115 
110 0.054 0.108 0.130 0.044 0.192 0.030 0.080 0.154 0.208 0.177 0.299 0.140 0.074 0.125 0.296 0.097 0.128 0.086 
111 0.046 0.224 0.169 0.059 0.189 0.038 0.191 0.117 0.278 0.254 0.166 0.366 0.094 0.115 0.190 0.114 0.211 0.160 
112 0.064 0.168 0.195 0.064 0.138 0.045 0.219 0.109 0.179 0.225 0.085 0.382 0.088 0.075 0.441 0.105 0.146 0.130 
113 0.199 0.157 0.198 0.099 0.154 0.029 0.187 0.166 0.196 0.194 0.325 0.199 0.076 0.097 0.174 0.131 0.306 0.084 
114 0.285 0.084 0.165 0.081 0.260 0.040 0.184 0.078 0.172 0.138 0.239 0.247 0.139 0.180 0.242 0.100 0.197 0.145 
115 0.122 0.099 0.092 0.083 0.208 0.056 0.182 0.105 0.205 0.172 0.209 0.293 0.127 0.201 0.188 0.080 0.089 0.113 
116 0.109 0.122 0.127 0.040 0.178 0.080 0.223 0.241 0.204 0.214 0.293 0.183 0.090 0.137 0.190 0.100 0.104 0.103 
117 0.182 0.157 0.234 0.046 0.262 0.088 0.154 0.149 0.166 0.135 0.238 0.117 0.161 0.139 0.354 0.082 0.259 0.065 
118 0.149 0.147 0.098 0.025 0.317 0.045 0.141 0.056 0.132 0.200 0.210 0.195 0.125 0.202 0.280 0.109 0.245 0.062 
119 0.092 0.091 0.224 0.050 0.102 0.068 0.226 0.146 0.215 0.176 0.098 0.090 0.085 0.101 0.261 0.036 0.239 0.180 
120 0.109 0.132 0.183 0.076 0.163 0.071 0.150 0.196 0.179 0.155 0.082 0.267 0.129 0.097 0.219 0.050 0.174 0.070 
121 0.073 0.275 0.124 0.120 0.196 0.059 0.101 0.173 0.208 0.216 0.155 0.423 0.170 0.133 0.088 0.072 0.141 0.208 
122 0.110 0.124 0.151 0.057 0.308 0.057 0.115 0.151 0.184 0.061 0.094 0.398 0.123 0.186 0.132 0.104 0.339 0.123 
123 0.110 0.122 0.118 0.080 0.202 0.062 0.209 0.183 0.203 0.066 0.087 0.143 0.083 0.249 0.212 0.081 0.293 0.054 
124 0.216 0.102 0.209 0.059 0.178 0.048 0.125 0.246 0.148 0.084 0.112 0.153 0.092 0.349 0.149 0.135 0.201 0.131 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
126 0.134 0.245 0.142 0.101 0.226 0.031 0.164 0.123 0.112 0.118 0.079 0.060 0.077 0.232 0.222 0.095 0.271 0.145 
127 0.146 0.099 0.131 0.058 0.162 0.086 0.122 0.189 0.173 0.156 0.213 0.064 0.088 0.106 0.164 0.144 0.277 0.153 
128 0.132 0.194 0.148 0.047 0.121 0.055 0.155 0.095 0.199 0.276 0.164 0.148 0.181 0.208 0.157 0.065 0.178 0.205 
129 0.198 0.166 0.182 0.109 0.174 0.059 0.124 0.143 0.152 0.169 0.149 0.165 0.187 0.253 0.130 0.077 0.329 0.096 
130 0.157 0.138 0.209 0.093 0.288 0.052 0.223 0.178 0.186 0.071 0.182 0.308 0.037 0.314 0.356 0.089 0.205 0.143 
131 0.235 0.156 0.259 0.060 0.169 0.053 0.227 0.184 0.150 0.083 0.178 0.283 0.042 0.125 0.091 0.057 0.173 0.137 
132 0.101 0.146 0.159 0.110 0.189 0.028 0.131 0.148 0.259 0.272 0.224 0.294 0.124 0.224 0.122 0.094 0.364 0.077 
133 0.109 0.177 0.195 0.058 0.106 0.026 0.136 0.092 0.081 0.191 0.304 0.219 0.122 0.147 0.111 0.068 0.192 0.061 
134 0.110 0.143 0.217 0.057 0.180 0.021 0.119 0.122 0.170 0.190 0.154 0.228 0.034 0.198 0.094 0.079 0.119 0.127 
135 0.112 0.139 0.237 0.065 0.150 0.023 0.150 0.242 0.172 0.226 0.137 0.104 0.139 0.156 0.175 0.097 0.131 0.084 
136 0.076 0.182 0.150 0.035 0.161 0.021 0.126 0.336 0.209 0.230 0.165 0.280 0.099 0.242 0.115 0.095 0.147 0.160 
137 0.096 0.141 0.156 0.042 0.155 0.048 0.086 0.257 0.116 0.293 0.230 0.456 0.106 0.140 0.124 0.088 0.180 0.092 
138 0.134 0.107 0.092 0.083 0.123 0.042 0.102 0.150 0.133 0.218 0.156 0.189 0.099 0.201 0.197 0.096 0.193 0.111 
139 0.211 0.135 0.206 0.079 0.213 0.020 0.102 0.136 0.107 0.215 0.133 0.123 0.215 0.208 0.133 0.049 0.290 0.190 
140 0.169 0.141 0.140 0.081 0.155 0.033 0.210 0.095 0.145 0.200 0.166 0.101 0.103 0.127 0.149 0.117 0.122 0.144 
141 0.150 0.080 0.192 0.084 0.165 0.062 0.080 0.035 0.149 0.183 0.302 0.112 0.085 0.369 0.125 0.106 0.075 0.164 
142 0.076 0.087 0.310 0.053 0.200 0.099 0.155 0.132 0.130 0.248 0.266 0.077 0.108 0.173 0.189 0.127 0.322 0.120 
143 0.044 0.134 0.169 0.046 0.106 0.030 0.126 0.142 0.084 0.115 0.132 0.230 0.065 0.166 0.240 0.120 0.187 0.139 
144 0.062 0.076 0.136 0.029 0.186 0.055 0.156 0.128 0.154 0.047 0.085 0.321 0.058 0.360 0.054 0.065 0.125 0.124 
145 0.091 0.128 0.170 0.094 0.213 0.074 0.149 0.147 0.162 0.082 0.341 0.547 0.097 0.258 0.337 0.084 0.143 0.136 
146 0.208 0.073 0.249 0.098 0.130 0.067 0.118 0.083 0.142 0.066 0.187 0.223 0.089 0.197 0.135 0.031 0.288 0.078 
147 0.143 0.081 0.090 0.057 0.200 0.095 0.315 0.090 0.166 0.039 0.223 0.268 0.150 0.257 0.162 0.073 0.163 0.109 
148 0.093 0.099 0.304 0.139 0.189 0.069 0.144 0.225 0.115 0.031 0.229 0.295 0.083 0.237 0.157 0.099 0.225 0.210 
149 0.121 0.150 0.243 0.083 0.080 0.035 0.227 0.106 0.100 0.266 0.159 0.153 0.057 0.166 0.222 0.050 0.186 0.312 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
151 0.074 0.123 0.115 0.157 0.234 0.082 0.126 0.282 0.181 0.190 0.197 0.255 0.093 0.093 0.229 0.119 0.183 0.053 
152 0.120 0.141 0.152 0.077 0.157 0.064 0.154 0.234 0.099 0.220 0.292 0.284 0.075 0.091 0.287 0.091 0.223 0.102 
153 0.054 0.141 0.122 0.111 0.204 0.069 0.163 0.163 0.156 0.307 0.177 0.285 0.136 0.093 0.099 0.061 0.132 0.219 
154 0.050 0.150 0.249 0.094 0.116 0.049 0.224 0.069 0.152 0.255 0.153 0.227 0.139 0.160 0.108 0.049 0.178 0.272 
155 0.043 0.200 0.218 0.078 0.219 0.052 0.130 0.179 0.132 0.227 0.078 0.159 0.052 0.188 0.157 0.070 0.361 0.147 
156 0.099 0.117 0.155 0.056 0.592 0.039 0.073 0.122 0.210 0.194 0.196 0.221 0.114 0.126 0.167 0.079 0.172 0.120 
157 0.146 0.196 0.303 0.053 0.315 0.043 0.101 0.123 0.110 0.263 0.270 0.204 0.043 0.160 0.237 0.064 0.097 0.175 
158 0.126 0.164 0.209 0.058 0.176 0.063 0.189 0.128 0.108 0.211 0.160 0.338 0.071 0.300 0.168 0.087 0.199 0.143 
159 0.113 0.142 0.084 0.141 0.171 0.051 0.180 0.079 0.220 0.061 0.112 0.150 0.105 0.162 0.219 0.098 0.404 0.046 
160 0.079 0.220 0.198 0.047 0.182 0.055 0.158 0.073 0.102 0.283 0.113 0.167 0.191 0.161 0.238 0.112 0.303 0.155 
161 0.190 0.235 0.204 0.084 0.148 0.093 0.276 0.122 0.173 0.345 0.179 0.172 0.061 0.294 0.195 0.071 0.227 0.119 
162 0.171 0.159 0.137 0.039 0.257 0.096 0.124 0.132 0.217 0.216 0.321 0.227 0.078 0.228 0.313 0.056 0.211 0.199 
163 0.122 0.112 0.186 0.032 0.205 0.055 0.112 0.283 0.171 0.246 0.093 0.225 0.132 0.263 0.213 0.095 0.114 0.138 
164 0.170 0.157 0.155 0.048 0.275 0.042 0.270 0.071 0.114 0.317 0.172 0.187 0.053 0.236 0.179 0.100 0.158 0.099 
165 0.070 0.079 0.159 0.033 0.154 0.065 0.162 0.179 0.039 0.171 0.191 0.140 0.089 0.233 0.275 0.137 0.246 0.157 
166 0.107 0.145 0.049 0.036 0.155 0.092 0.176 0.195 0.054 0.361 0.226 0.200 0.084 0.068 0.175 0.156 0.081 0.156 
167 0.127 0.121 0.128 0.033 0.201 0.089 0.085 0.132 0.338 0.219 0.144 0.065 0.109 0.132 0.198 0.100 0.075 0.092 
168 0.069 0.151 0.193 0.028 0.145 0.081 0.102 0.111 0.151 0.227 0.211 0.088 0.088 0.346 0.260 0.097 0.084 0.095 
169 0.111 0.152 0.210 0.110 0.191 0.038 0.133 0.264 0.162 0.275 0.130 0.257 0.065 0.357 0.130 0.051 0.183 0.227 
170 0.064 0.142 0.212 0.088 0.102 0.047 0.069 0.329 0.191 0.251 0.170 0.242 0.095 0.175 0.117 0.124 0.224 0.116 
171 0.057 0.180 0.155 0.082 0.232 0.081 0.230 0.170 0.195 0.207 0.097 0.197 0.115 0.171 0.148 0.066 0.264 0.085 
172 0.145 0.134 0.111 0.041 0.213 0.054 0.099 0.094 0.212 0.210 0.167 0.257 0.061 0.150 0.264 0.092 0.286 0.144 
173 0.206 0.123 0.217 0.058 0.128 0.058 0.241 0.084 0.121 0.135 0.105 0.120 0.070 0.214 0.057 0.088 0.199 0.181 
174 0.147 0.086 0.227 0.098 0.151 0.029 0.067 0.256 0.118 0.115 0.221 0.216 0.043 0.092 0.091 0.044 0.119 0.116 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
176 0.200 0.100 0.172 0.062 0.174 0.069 0.107 0.147 0.153 0.177 0.324 0.134 0.090 0.153 0.271 0.094 0.201 0.136 
177 0.125 0.071 0.176 0.063 0.121 0.041 0.070 0.101 0.167 0.255 0.183 0.110 0.098 0.080 0.252 0.097 0.247 0.139 
178 0.141 0.178 0.187 0.064 0.150 0.041 0.129 0.074 0.256 0.103 0.291 0.297 0.092 0.239 0.285 0.114 0.122 0.147 
179 0.284 0.139 0.183 0.046 0.290 0.103 0.096 0.086 0.104 0.173 0.245 0.338 0.118 0.093 0.212 0.074 0.202 0.162 
180 0.128 0.066 0.177 0.051 0.145 0.032 0.067 0.151 0.118 0.128 0.282 0.198 0.078 0.213 0.167 0.062 0.152 0.294 
181 0.143 0.142 0.159 0.043 0.186 0.098 0.086 0.207 0.048 0.214 0.250 0.112 0.074 0.347 0.280 0.099 0.231 0.072 
182 0.161 0.134 0.210 0.044 0.153 0.025 0.153 0.101 0.105 0.240 0.080 0.261 0.093 0.095 0.405 0.136 0.102 0.269 
183 0.147 0.136 0.098 0.045 0.192 0.058 0.157 0.111 0.185 0.112 0.230 0.357 0.132 0.334 0.280 0.144 0.276 0.108 
184 0.126 0.095 0.096 0.037 0.148 0.030 0.072 0.147 0.165 0.201 0.186 0.182 0.066 0.188 0.157 0.085 0.278 0.112 
185 0.106 0.067 0.091 0.058 0.128 0.048 0.187 0.152 0.061 0.122 0.147 0.324 0.078 0.143 0.135 0.048 0.359 0.178 
186 0.081 0.183 0.187 0.160 0.203 0.078 0.178 0.255 0.092 0.335 0.074 0.280 0.036 0.123 0.177 0.063 0.093 0.085 
187 0.148 0.150 0.157 0.087 0.212 0.091 0.173 0.274 0.139 0.249 0.118 0.377 0.100 0.177 0.228 0.088 0.097 0.166 
188 0.095 0.084 0.153 0.086 0.203 0.041 0.163 0.299 0.203 0.217 0.305 0.255 0.081 0.149 0.273 0.103 0.112 0.085 
189 0.139 0.210 0.167 0.083 0.284 0.081 0.170 0.213 0.245 0.090 0.203 0.153 0.051 0.184 0.195 0.108 0.159 0.086 
190 0.052 0.176 0.100 0.071 0.360 0.013 0.183 0.194 0.126 0.258 0.142 0.248 0.163 0.199 0.098 0.085 0.218 0.121 
191 0.143 0.127 0.202 0.080 0.207 0.051 0.040 0.222 0.100 0.201 0.207 0.064 0.089 0.214 0.166 0.045 0.300 0.062 
192 0.121 0.124 0.083 0.057 0.157 0.082 0.146 0.165 0.116 0.192 0.150 0.075 0.032 0.294 0.134 0.047 0.227 0.135 
193 0.143 0.170 0.158 0.069 0.167 0.038 0.134 0.132 0.178 0.306 0.133 0.091 0.035 0.135 0.196 0.106 0.239 0.062 
194 0.249 0.097 0.153 0.085 0.179 0.066 0.089 0.248 0.212 0.114 0.187 0.145 0.094 0.149 0.087 0.122 0.217 0.087 
195 0.116 0.147 0.154 0.062 0.206 0.035 0.070 0.247 0.132 0.107 0.280 0.272 0.056 0.141 0.072 0.120 0.103 0.076 
196 0.097 0.263 0.121 0.051 0.229 0.082 0.043 0.286 0.120 0.127 0.104 0.201 0.089 0.258 0.077 0.078 0.100 0.070 
197 0.049 0.136 0.261 0.067 0.152 0.059 0.037 0.267 0.069 0.405 0.069 0.089 0.042 0.224 0.289 0.124 0.172 0.193 
198 0.134 0.085 0.146 0.050 0.097 0.078 0.076 0.134 0.195 0.163 0.402 0.169 0.059 0.213 0.120 0.069 0.067 0.070 
199 0.103 0.097 0.299 0.046 0.182 0.044 0.135 0.254 0.074 0.165 0.193 0.322 0.078 0.217 0.104 0.103 0.290 0.092 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
201 0.026 0.180 0.300 0.107 0.220 0.089 0.143 0.321 0.241 0.196 0.193 0.332 0.081 0.157 0.217 0.121 0.218 0.154 
202 0.075 0.126 0.222 0.098 0.347 0.028 0.121 0.082 0.360 0.364 0.241 0.201 0.129 0.183 0.181 0.096 0.176 0.115 
203 0.060 0.114 0.173 0.058 0.189 0.025 0.049 0.057 0.272 0.242 0.133 0.200 0.033 0.137 0.299 0.088 0.134 0.086 
204 0.035 0.156 0.181 0.062 0.188 0.030 0.062 0.155 0.206 0.168 0.103 0.202 0.051 0.211 0.230 0.139 0.215 0.134 
205 0.175 0.115 0.158 0.085 0.308 0.042 0.064 0.150 0.106 0.284 0.135 0.239 0.074 0.222 0.093 0.079 0.175 0.150 
206 0.084 0.131 0.157 0.100 0.187 0.061 0.228 0.092 0.223 0.186 0.213 0.324 0.086 0.178 0.213 0.128 0.147 0.087 
207 0.133 0.071 0.152 0.090 0.341 0.043 0.134 0.173 0.110 0.317 0.176 0.274 0.063 0.209 0.202 0.049 0.214 0.102 
208 0.162 0.102 0.113 0.048 0.201 0.039 0.043 0.197 0.132 0.290 0.147 0.205 0.079 0.192 0.212 0.142 0.169 0.169 
209 0.140 0.238 0.173 0.064 0.117 0.068 0.185 0.116 0.144 0.169 0.180 0.308 0.066 0.308 0.346 0.102 0.192 0.156 
210 0.205 0.096 0.259 0.035 0.170 0.060 0.240 0.061 0.125 0.247 0.270 0.091 0.032 0.368 0.126 0.111 0.199 0.069 
211 0.142 0.126 0.190 0.113 0.179 0.033 0.121 0.106 0.210 0.126 0.223 0.372 0.194 0.152 0.169 0.127 0.245 0.126 
212 0.102 0.163 0.100 0.101 0.131 0.021 0.175 0.109 0.123 0.318 0.268 0.105 0.027 0.237 0.080 0.099 0.151 0.082 
213 0.126 0.151 0.201 0.064 0.277 0.036 0.054 0.123 0.175 0.325 0.238 0.346 0.018 0.124 0.337 0.140 0.122 0.097 
214 0.072 0.107 0.110 0.039 0.250 0.023 0.089 0.162 0.181 0.137 0.280 0.341 0.056 0.169 0.254 0.150 0.167 0.167 
215 0.050 0.116 0.137 0.069 0.158 0.040 0.192 0.279 0.239 0.255 0.176 0.245 0.139 0.111 0.131 0.102 0.247 0.029 
216 0.044 0.112 0.142 0.067 0.169 0.059 0.167 0.205 0.230 0.446 0.191 0.292 0.074 0.180 0.204 0.083 0.246 0.036 
217 0.060 0.140 0.130 0.048 0.256 0.064 0.194 0.128 0.358 0.288 0.180 0.266 0.032 0.084 0.221 0.059 0.329 0.076 
218 0.276 0.185 0.124 0.070 0.257 0.015 0.238 0.058 0.188 0.296 0.146 0.381 0.054 0.202 0.219 0.096 0.159 0.111 
219 0.169 0.223 0.161 0.106 0.267 0.035 0.186 0.226 0.167 0.171 0.137 0.239 0.085 0.377 0.165 0.023 0.129 0.065 
220 0.106 0.116 0.126 0.068 0.157 0.023 0.119 0.185 0.219 0.120 0.192 0.225 0.073 0.185 0.226 0.032 0.256 0.043 
221 0.145 0.104 0.144 0.045 0.172 0.077 0.158 0.159 0.115 0.117 0.201 0.321 0.073 0.171 0.185 0.078 0.121 0.097 
222 0.146 0.168 0.158 0.065 0.238 0.065 0.052 0.194 0.067 0.230 0.135 0.065 0.049 0.148 0.163 0.071 0.093 0.168 
223 0.130 0.106 0.159 0.049 0.195 0.050 0.193 0.088 0.171 0.249 0.163 0.427 0.063 0.131 0.397 0.142 0.190 0.235 
224 0.166 0.114 0.217 0.099 0.141 0.039 0.228 0.219 0.190 0.193 0.185 0.173 0.031 0.171 0.209 0.136 0.076 0.075 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
226 0.224 0.099 0.102 0.051 0.110 0.021 0.284 0.164 0.242 0.305 0.146 0.123 0.044 0.101 0.312 0.069 0.072 0.071 
227 0.056 0.099 0.325 0.090 0.050 0.012 0.153 0.091 0.126 0.471 0.180 0.349 0.148 0.193 0.142 0.098 0.243 0.155 
228 0.024 0.120 0.158 0.069 0.221 0.010 0.215 0.224 0.228 0.225 0.131 0.372 0.119 0.084 0.210 0.059 0.129 0.282 
229 0.062 0.176 0.177 0.102 0.377 0.014 0.115 0.185 0.066 0.323 0.112 0.221 0.142 0.044 0.215 0.121 0.227 0.162 
230 0.060 0.118 0.141 0.099 0.510 0.029 0.055 0.251 0.346 0.305 0.164 0.149 0.021 0.044 0.074 0.095 0.253 0.133 
231 0.082 0.091 0.158 0.060 0.112 0.102 0.222 0.097 0.242 0.196 0.376 0.165 0.020 0.020 0.040 0.129 0.126 0.087 
232 0.097 0.072 0.240 0.118 0.340 0.073 0.221 0.211 0.252 0.255 0.138 0.272 0.235 0.092 0.095 0.090 0.086 0.067 
233 0.138 0.099 0.221 0.064 0.197 0.069 0.233 0.225 0.180 0.146 0.142 0.306 0.034 0.152 0.122 0.085 0.043 0.098 
234 0.071 0.141 0.185 0.072 0.228 0.037 0.226 0.168 0.168 0.128 0.254 0.184 0.194 0.065 0.232 0.064 0.244 0.135 
235 0.073 0.076 0.174 0.058 0.132 0.060 0.135 0.178 0.137 0.198 0.108 0.297 0.078 0.099 0.264 0.108 0.335 0.190 
236 0.094 0.285 0.131 0.085 0.333 0.042 0.109 0.225 0.256 0.199 0.137 0.122 0.096 0.087 0.096 0.084 0.239 0.337 
237 0.077 0.153 0.080 0.077 0.150 0.022 0.087 0.112 0.097 0.096 0.166 0.270 0.060 0.127 0.134 0.088 0.261 0.133 
238 0.123 0.126 0.159 0.091 0.101 0.033 0.185 0.089 0.215 0.232 0.145 0.295 0.099 0.048 0.250 0.125 0.194 0.156 
239 0.173 0.124 0.138 0.072 0.272 0.039 0.145 0.101 0.146 0.196 0.160 0.176 0.077 0.100 0.211 0.095 0.340 0.083 
240 0.093 0.115 0.119 0.091 0.285 0.025 0.079 0.184 0.249 0.264 0.192 0.382 0.083 0.128 0.202 0.063 0.229 0.132 
241 0.128 0.128 0.152 0.029 0.174 0.128 0.086 0.282 0.108 0.180 0.193 0.258 0.072 0.147 0.131 0.046 0.172 0.072 
242 0.128 0.136 0.092 0.049 0.163 0.066 0.055 0.156 0.295 0.081 0.233 0.273 0.079 0.183 0.168 0.050 0.297 0.084 
243 0.165 0.168 0.073 0.074 0.162 0.073 0.121 0.262 0.141 0.210 0.211 0.245 0.106 0.169 0.178 0.054 0.165 0.116 
244 0.246 0.098 0.262 0.047 0.196 0.047 0.215 0.107 0.298 0.161 0.291 0.144 0.067 0.124 0.132 0.075 0.111 0.098 
245 0.166 0.197 0.233 0.075 0.196 0.052 0.120 0.261 0.184 0.213 0.089 0.242 0.064 0.097 0.107 0.026 0.161 0.100 
246 0.084 0.088 0.183 0.090 0.201 0.029 0.141 0.238 0.138 0.254 0.248 0.216 0.086 0.122 0.257 0.141 0.088 0.161 
247 0.051 0.084 0.188 0.072 0.269 0.077 0.165 0.228 0.104 0.085 0.203 0.296 0.111 0.141 0.129 0.070 0.126 0.146 
248 0.078 0.178 0.192 0.072 0.165 0.036 0.130 0.346 0.112 0.197 0.208 0.184 0.112 0.165 0.302 0.036 0.090 0.137 
249 0.064 0.189 0.193 0.061 0.172 0.047 0.129 0.250 0.127 0.253 0.170 0.203 0.046 0.208 0.270 0.065 0.089 0.116 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
251 0.329 0.109 0.197 0.086 0.192 0.027 0.189 0.185 0.197 0.267 0.183 0.124 0.050 0.197 0.186 0.125 0.105 0.229 
252 0.093 0.089 0.121 0.064 0.132 0.032 0.223 0.160 0.210 0.086 0.117 0.269 0.048 0.088 0.289 0.123 0.108 0.079 
253 0.130 0.080 0.217 0.089 0.110 0.034 0.277 0.171 0.147 0.202 0.139 0.251 0.043 0.117 0.193 0.064 0.081 0.065 
254 0.113 0.151 0.081 0.056 0.212 0.078 0.342 0.223 0.106 0.447 0.209 0.212 0.065 0.129 0.163 0.062 0.085 0.110 
255 0.088 0.095 0.188 0.056 0.202 0.018 0.264 0.133 0.100 0.213 0.090 0.249 0.189 0.122 0.257 0.103 0.173 0.038 
256 0.113 0.250 0.095 0.113 0.279 0.055 0.304 0.070 0.146 0.276 0.131 0.249 0.090 0.073 0.275 0.092 0.296 0.185 
257 0.261 0.125 0.172 0.044 0.205 0.074 0.216 0.127 0.093 0.234 0.120 0.262 0.102 0.161 0.165 0.075 0.337 0.057 
258 0.110 0.121 0.227 0.038 0.191 0.050 0.204 0.189 0.297 0.172 0.161 0.316 0.168 0.218 0.090 0.132 0.229 0.127 
259 0.123 0.110 0.147 0.053 0.185 0.040 0.021 0.118 0.188 0.084 0.414 0.208 0.046 0.070 0.174 0.079 0.196 0.171 
260 0.190 0.127 0.166 0.046 0.365 0.062 0.047 0.179 0.188 0.072 0.278 0.229 0.116 0.038 0.218 0.037 0.098 0.123 
261 0.169 0.212 0.127 0.161 0.150 0.044 0.241 0.192 0.141 0.280 0.171 0.321 0.170 0.059 0.146 0.052 0.189 0.060 
262 0.108 0.184 0.092 0.132 0.119 0.025 0.161 0.166 0.199 0.336 0.256 0.337 0.098 0.218 0.169 0.130 0.111 0.071 
263 0.048 0.101 0.094 0.070 0.165 0.022 0.073 0.188 0.163 0.229 0.237 0.300 0.078 0.207 0.168 0.071 0.116 0.159 
264 0.060 0.069 0.112 0.063 0.227 0.028 0.115 0.165 0.102 0.211 0.277 0.333 0.028 0.210 0.131 0.154 0.210 0.120 
265 0.099 0.086 0.199 0.065 0.211 0.018 0.055 0.163 0.208 0.176 0.214 0.290 0.105 0.099 0.096 0.089 0.099 0.085 
266 0.104 0.152 0.151 0.052 0.216 0.140 0.059 0.219 0.184 0.165 0.287 0.172 0.044 0.242 0.191 0.046 0.192 0.173 
267 0.099 0.164 0.172 0.124 0.320 0.018 0.116 0.141 0.072 0.262 0.201 0.159 0.145 0.110 0.204 0.117 0.279 0.097 
268 0.044 0.191 0.285 0.035 0.135 0.021 0.072 0.148 0.171 0.156 0.213 0.173 0.085 0.109 0.257 0.051 0.203 0.106 
269 0.138 0.116 0.105 0.053 0.178 0.019 0.080 0.138 0.126 0.274 0.078 0.208 0.064 0.348 0.246 0.045 0.348 0.100 
270 0.133 0.145 0.148 0.050 0.141 0.016 0.076 0.207 0.133 0.260 0.204 0.235 0.053 0.201 0.244 0.083 0.167 0.044 
271 0.115 0.122 0.138 0.030 0.071 0.031 0.081 0.212 0.311 0.293 0.291 0.338 0.051 0.226 0.220 0.115 0.218 0.097 
272 0.128 0.140 0.209 0.025 0.054 0.023 0.085 0.185 0.069 0.333 0.182 0.221 0.191 0.078 0.276 0.065 0.218 0.100 
273 0.219 0.104 0.108 0.048 0.155 0.026 0.063 0.246 0.206 0.166 0.208 0.148 0.121 0.166 0.333 0.072 0.175 0.144 
274 0.123 0.171 0.227 0.070 0.193 0.054 0.076 0.105 0.072 0.170 0.153 0.290 0.099 0.197 0.140 0.136 0.272 0.145 















Table 7. continued 
Count #2 #5 #10 #11 #15 #18 #23 #25 #29 #35 #36 #41 #46 #50 #53 #55 #58 #60 
276 0.095 0.128 0.194 0.093 0.210 0.035 0.100 0.205 0.210 0.170 0.072 0.219 0.102 0.138 0.190 0.108 0.124 0.052 
277 0.153 0.205 0.309 0.061 0.121 0.044 0.209 0.140 0.131 0.069 0.150 0.273 0.115 0.217 0.276 0.142 0.071 0.123 
278 0.069 0.160 0.145 0.038 0.199 0.070 0.141 0.169 0.193 0.228 0.210 0.323 0.065 0.143 0.184 0.077 0.112 0.106 
279 0.119 0.150 0.153 0.102 0.141 0.106 0.276 0.177 0.331 0.245 0.239 0.130 0.110 0.035 0.150 0.078 0.222 0.172 
280 0.166 0.218 0.209 0.096 0.178 0.049 0.105 0.130 0.159 0.069 0.222 0.147 0.206 0.044 0.172 0.070 0.155 0.313 
281 0.194 0.159 0.158 0.118 0.211 0.100 0.172 0.186 0.204 0.024 0.192 0.553 0.106 0.088 0.142 0.061 0.111 0.137 
282 0.148 0.144 0.153 0.050 0.261 0.044 0.154 0.135 0.165 0.118 0.222 0.337 0.101 0.125 0.190 0.056 0.138 0.131 
283 0.154 0.123 0.306 0.065 0.187 0.042 0.153 0.126 0.196 0.120 0.248 0.166 0.078 0.105 0.222 0.056 0.269 0.131 
284 0.177 0.128 0.203 0.057 0.242 0.059 0.481 0.147 0.140 0.132 0.146 0.203 0.108 0.048 0.187 0.116 0.090 0.102 
285 0.137 0.192 0.179 0.084 0.220 0.068 0.257 0.128 0.137 0.259 0.303 0.262 0.067 0.028 0.238 0.046 0.216 0.141 
286 0.385 0.206 0.194 0.072 0.128 0.045 0.259 0.095 0.138 0.135 0.206 0.164 0.144 0.216 0.115 0.084 0.113 0.051 
287 0.158 0.086 0.107 0.058 0.232 0.052 0.301 0.106 0.166 0.208 0.057 0.204 0.129 0.153 0.260 0.129 0.155 0.111 
288 0.105 0.132 0.142 0.101 0.231 0.093 0.135 0.117 0.181 0.203 0.089 0.173 0.097 0.142 0.090 0.056 0.267 0.033 
289 0.103 0.139 0.224 0.063 0.132 0.057 0.119 0.263 0.066 0.271 0.211 0.265 0.087 0.082 0.246 0.057 0.197 0.092 
290 0.098 0.101 0.204 0.122 0.255 0.052 0.139 0.158 0.243 0.259 0.168 0.283 0.052 0.172 0.206 0.093 0.173 0.179 
291 0.206 0.099 0.156 0.043 0.246 0.069 0.074 0.081 0.127 0.227 0.063 0.211 0.087 0.153 0.191 0.081 0.106 0.169 
292 0.143 0.082 0.205 0.038 0.205 0.078 0.066 0.171 0.178 0.088 0.204 0.168 0.118 0.068 0.302 0.052 0.187 0.106 
293 0.120 0.133 0.160 0.026 0.215 0.012 0.295 0.156 0.373 0.316 0.167 0.135 0.136 0.188 0.096 0.059 0.184 0.092 
294 0.150 0.128 0.233 0.065 0.150 0.028 0.052 0.188 0.187 0.078 0.244 0.299 0.099 0.128 0.123 0.060 0.137 0.117 
295 0.077 0.163 0.139 0.083 0.219 0.064 0.191 0.153 0.216 0.305 0.248 0.400 0.070 0.282 0.230 0.126 0.066 0.105 
296 0.167 0.064 0.133 0.089 0.150 0.027 0.060 0.184 0.099 0.166 0.218 0.295 0.059 0.110 0.088 0.028 0.242 0.100 
297 0.073 0.326 0.293 0.044 0.132 0.066 0.303 0.229 0.145 0.055 0.196 0.120 0.096 0.119 0.184 0.051 0.106 0.181 
298 0.112 0.262 0.052 0.082 0.198 0.055 0.094 0.218 0.066 0.167 0.162 0.136 0.102 0.124 0.239 0.079 0.170 0.104 
299 0.071 0.128 0.207 0.061 0.094 0.089 0.257 0.223 0.135 0.166 0.203 0.206 0.087 0.032 0.064 0.115 0.047 0.166 






















 Core sampling was performed at the Utah Geological Survey Core Warehouse. 
Samples were drilled perpendicular and parallel to bedding. Samples were prepared for 
laboratory measurements by first grinding down the top and base in order to get flat 
surfaces for accurate bulk volume measurements. A caliper tool (0.001 mm accuracy) 
was used to measure length and diameter of each sample. The samples were then dried 
for a week at 60°C to remove moisture. Core plug porosity laboratory work was done 
courtesy of the University of Utah Department of Chemical Engineering using an Ultra-
Pore 300 porosimeter. Core plug permeability work was done courtesy of the Brigham 
Young University Department of Geological Sciences using an Ultra-Perm 500 
permeameter. Core plug measurements for porosity and permeability were conducted at 
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